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ABSTRACT 
Several organic compounds which contain an unsaturated 
carbon-sulphur bond and amino or hydrazino groups have been 
x-irradiated at room temperature and at 105°K. Electron spin 
resonance has been used to identify the radical products of 
irradiation. The unsaturated carbon-sulphur bond is found to 
be resistant to irradiation damage, which generally occurs at 
another site in the molecule. In thiosemicarbazide and 
related compounds the major products of irradiation are 
nitrogen-centred rr radicals and the structure of one such 
radical has been fully determined. In sodium diethydithio-
carbamate, which has a delocalised IT-electron system the ionic 
products of irradiation are stabler and the radical cation has 
been characterised. Upon irradiation at room temperature 
however, the molecule undergoes structural deformation and the 
extended rr-structure is destroyed. Mechanisms for the 
radiation damage which explain the observed products have been 
discussed. 
C H A P T E R 1 
INTRODUCTION AND REVIEW 
1.1 The Effect of High Energy Radiation upon Organic Solids 
Ever since the discovery of x-rays by W.C. Roentgen in 
1895 there has been a great deal of interest in the processes 
by which high energy radiation interacts with matter. No 
brief review can hope to summarise the wealth of information 
that has been collected and this introduction will therefore 
attempt no more than to summarise the major points in one 
small branch of this wide field, namely the effects of such 
radiation upon organic solids (1) • 
1 
The principal characteristic of high energy radiation is 
that it causes ionisation in all materials. Such a definition 
distinguishes the field of radiation chemistry from that of 
photochemistry and although the boundary between the two is 
not sharp it.may be considered to fall at the point where the 
incident photons have energies greater than the ionisation 
energy of the most firmly bound outer electrons. This is 
about 30 eV/molecule which corresponds to radiation with a 
wavelength of about 40 nm. In radiation chemistry the 
absorption of energy is not in. multiples of the incident 
photons since only part of the photon energy may be transferred 
at an interaction. Furthermore, the process is not selective 
so that different amounts of energy may be absorbed from the 
photons by different processes. There is always sufficient 
energy available to break any bond although in practice 
certain bonds may be broken preferentially. One incident 
photon may affect many thousands of molecules by secondary 
effects. 
In this project the ionising radiation used was x-rays 
60 
with energies of 6-8 keV or Co Y-rays with energies of 1.17 
and 1.33 MeV. When a suitable target is hit by a stream of 
fast moving electrons x-rays are produced in an energy 
continuum upon which peaks characteristic of the tar~et 
material are superimposed. Metal filters may be used to help 
improve the quality of the radiation by absorbing most of the 
2 
lower energy photons. Y-rays of discrete energies are emitted 
from many radioactive nuclei. 
The effect of radiation is dependent upon both its energy 
and its electrical charge. Highly energetic neutral radiation 
such as 1 MeV Y-rays or neutrons after passing through 10 em 
of solid material will have lost only about 50% of its initial 
intensity whereas charged species such as electrons, protons, 
or alpha particles penetrate to a depth of only a few 
millimetres. Low energy neutral radiation of the type used in 
this project penetrates intermediate distances. Except in the 
case of neutrons, radiation interacts with electrons and 
therefore the degree of interaction is dependent upon the 
electron density of the material, for which mass density is a 
good approximation. 
The mechanism of transfer of energy to the system depends 
upon the energy of the incident radiation. Photons with 
energies of 100 keV or more lose energy initially by Compton 
scattering whereby part of the photon energy is used to eject 
an electron from an orbital with considerable kinetic energy 
and the remainder of the energy remains in the scattered 
photon. For photons with energies less than 60 ev the photo-
electric effect becomes the predominant process. With such 
low energy radiation all of the photon energy is used in 
3 
ecting an electron, usually from an inner orbital. The 
filling of the inner orbital vacancy from an outer orbital 
releases further energy which often appears as a number of low 
energy electrons ejected from one atom, the Auger effect, or 
as a characteristic fluorescent x-radiation. In addition to 
these processes a photon may be coherently scattered, but as 
this scattering is not accompanied by any significant transfer 
of energy to the molecules it is not necessary to consider it 
here in any detail. 
The primary effect of high energy radiation is therefore 
to cause ionisation of molecules. The cations and electrons 
produced in the primary process interact further with the 
system in what are termed secondary processes. Since a quantum 
of high energy radiation loses only part of its energy at each 
interaction a single photon will produce several primary 
ions. The primary ions will therefore be concentrated along 
the track of each ionising species, the length of which will 
depend upon the energy of the photon and the electron density 
in the material. The secondary products will be centrally 
distributed about each track. The rate at which energy is 
transferred to the material is called the Linear Energy 
Transfer (L.E.T.). This rate is inversely dependent upon the 
energy of the ionising species~ ranging from 0.20 ev/R for 
0 10 kV x-rays to 0.02 eV/A for cobalt y-rays near the surface 
of the material, and varies in a non-uniform manner as the 
radiation penetrates further into the solid material •. A non-
uniform distribution of radiation products within the irradiated 
material is also observed, because as the ionising species 
lose energy the concentration of ions increases. The amount of 
energy absorbed by the system is measured in terms of the rad, 
which corresponds to one hundred ergs of energy absorbed per 
gram of irradiated material. 
Following the initial ionisation a number of processes 
may occur. The secondary electrons or photons which are 
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produced may cause further ionisation or electronic excitation, 
or by a combination of both, electronically excited ions. Slow 
moving electrons are especially likely to produce electronic 
excitation provided that they have sufficient energy to do so. 
Such electronically excited molecules may return to the ground 
state by radiationless transition or by luminescence. They 
may dissociate in three different ways: 
M* + A• + B• 
M* + A + B 
Electrons that are not sufficiently energetic to produce 
electronic excitation slowly transfer energy to the crystal 
lattice as vibrational, rotational and translational excitation 
until they finally reach thermal energies, when they may 
either recombine with ions to·produce neutral species or may 
be trapped in the crystal by s~me other species. 
The radical cations which are formed in the initial 
ionisation may dissociate to form an ion and a neutral radical: 
·+ + M + A + B• 
or may react with some other species: 
5 
·+ + M + :r-1" + M 2 
M •+ + M+ MA+ + B• 
M ·+ + e + M*. 
The species which are formed in these processes may react 
together to form either new products or the original species. 
These processes are summarised in Table 1.1. 
In spite of this diversity of possible reactions only a 
few of them are important in any one irradiated compound._This 
is because the crystal lattice presents a barrier to the 
diffusion of species and can absorb excess energy, which means 
that the probability of recombination is high (liv) and only a 
few of the reactions will lead to the formation of species 
that have lifetimes greater than a few molecular vibrations. 
This inhibition is known as the 'cage effect'. Because 
hydrogen atoms are small and can,escape from a site quite 
readily one of the most .common processes in the irradiation of 
organic solids is homolytic dissociation of an electronically 
excited species to produce a hydrogen atom. 
M* + A• + H• 
Organic compounds vary widely in their susceptibility to 
radiation, from aromatic systems which are highly resistant to 
radiation to some olefins and vinyl compounds where radiation 
may initiate chain reactions. The number of product molecules 
formed for each 100 eV of energy absorbed by the system is 
called the G-value, and this may range from 0.1 for some 
aromatic molecules to 106 in systems where chain reactions 
occur, although for most organic systems G has a value between 
one and ten. · 
6 
TABLE 1.1 
Reaction Processes in Irradiated Organic Crystals 
Primary Ionisation 
M ~ M•+ + e-
Recombination 
·+ -M + e + M* 
Electronic Excitation 
M + e + M* + e 
M + hv + M* 
Decay of Electronically Excited Species 
M* + M + hv 
M* + A• + B• 
M* A+ -+ + B 
M* + A + B 
Formation of Anions 
M + e + M 
Decay of Radical Cations 
·+ M ·+ M + + M2 
·+ M MA+ + B• M + + 
•+ * M + e + M 
•+ A+ + B• M + 
(similarly for anions) 
7 
Reactions of Secondary Electrons 
e + et (thermalisation) 
et + A+ + A • * 
et + A + A 
et + A• + A 
·+ A et + A + 
Radical Reactions 
A• + B• + M 
A• + B• + c + D 
A• + B + BA• + c + D• 
8 
Since most organic compounds have low dielectric constants 
there is less solvation of ions and electrons and greater 
attractive forces between the two than is the case for polar 
media. This results in a considerable degree of cation-
electron recombination so that reactions involving the primary 
cations with other species are relatively less important than 
in a medium which has a high dielectric constant. As a 
consequence the main mode of formation of radicals is likely 
to be the decomposition of excited molecules formed in the 
recombination process rather than the decomposition of the 
primary ions. 
Thus while the initial ionisation and excitation processes 
are random, the final products are determined by their stability, 
by the bond strengths of the molecules and by the probability 
of recombination at any step in the irradiation mechanism. The 
influence of these factors generally results in there being . 
relatively few products at the attainment of equilibrium which 
occurs about 10-3 seconds after irradiation, although slow 
thermal reactions of fairly stable species may continue for 
weeks. 
Irradiation of organic crystals at low temperatures may 
enable some of the primary products to be identified and by 
careful annealing experiments it is possible to find threshold 
energies for some of the secondary processes. Experiments at 
liquid nitrogen (77°K) temperatures and even at liquid helium 
temperatures (4.2°K) have become increasingly common and have 
led to direct observation of every type of radical species 
mentioned in the foregoing discussion (2-8). It has been 
shown that irradiation at low temperature followed by heating 
at higher temperature frequently gives the same products as 
9 
irradiation at the higher temperature (9-11). In many other 
cases it has been possible to deduce reaction mechanisms from 
a knowledge of the products and of the general molecular 
properties of the material being, irradiated (12-15) , even when 
the irradiation is performed at room temperature. 
1.2 Application of ESR to the Study of Trapped Organic Radicals 
1.2.1 The ESR Condition 
The possession 6f both spin and charge confers on an 
electron a magnetic moment, ~s' given by 
~s = -gSS 
where: 
g is the Lande splitting factor or g factor, 
(1-1) 
¥ ~ 
S is the electronic Bohr magneton, equal to 2mc where -e 
and m are the charge and mass of the electron, 
hS is the spin angular momentum of the electron, 
h is Planck's constant divided by 2TI, 
c is the velocity of light. 
The interaction between the electron magnetic moment and 
an applied magnetic field, H, is expressed by the Hamiltonian 
g = -~ •H 
s 
(1-2) 
This interaction causes the two previously degenerate electron 
spin levels to differ in energy and the application of an 
oscillating magnetic field perpendicular to H enables· 
transitions to occur between the two levels, described by the 
quantum numbers ms = ±~. These transitions may occur if the 
frequency, v, is such that 
hv = gSH. (1-3) 
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In addition to this simple Zeeman interaction, the 
electron spin may interact with the nuclear spins, I., of near-
l 
by nuclei, and the magnetic field may also interact with these 
nuclear spins. Nuclei that have nuclear spins greater than ~ 
give rise to a nuclear electric quadrupole interaction. 
These are the only important interactions affecting the 
energy of the transition in the case of organic free radicals 
in the doublet state. Together they may be expressed in the 
form of a Hamiltonian (16). 
Jt = f3H•g•S - L:f3 H·g .'f. + L:S•A. ·I. + t:Y. •Q. •I. 
. N N. l l' l l . l l l l l l 
(1-4) 
= is where g the g-tensor, 
f3N is the nuclear magneton, 
= 
gN. is the nuclear g-factor tensor, 
l 
A.. is 
l 
the nuclear hyper fine tensor for nucleus i, 
Q. 
l 
is the nuclear electric quadrupole coupling tensor 
for nucleus i. 
1.2.2 The g-tensor 
As an electron possesses both spin and orbital angular 
momentum, the interaction of the magnetic field with the total 
angular momentum of the electron may be written 
where ST is the true spin angular momentum 
and L is the orbital angular momentum. 
(1-5) 
When the electron possesses only spin angular momentum, 
the g-tensor is isotropic and has the free electron g value, 
g = 2.0023. However, even when the electron possesses 
e 
orbital angular momentum equation 1-5 may be reduced to 
11 
(1-6) 
where s is an artificial spin vector usually know as the 
'effective spin' of the electron, 
and g is a symmetric second rank tensor which incorporates 
the anisotropy due to the orbital angular momentum. 
It is found (16) for molecules which have an orbitally 
non-degenerate ground state that the only way the odd electron 
can acquire some orbital angular momentum is through the effect 
of spin-orbit coupling which can be represented as· 
sL·s (1-7) 
where ~ is the spin-orbit coupling constant. Because this 
effect is small, particularly for organic radicals where the 
orbital levels are well separated, it is considered as a 
perturbation of the Hamiltonian (1-5) and the resulting energy 
levels and wave functions can be calculated using perturbation 
theory. This calculation shows that excited electronic states 
are mixed into the ground state function to produce new states 
that are no longer eigenstates of the true spin, ~· Thus s 
is redefined so that it operates on the new wavefunctions 
exactly as ~ does on the spin functions. It is found that Lz 
is unaffected by excited states with spin opposite to 'that of 
the ground state and that to first order in ~ the value of S 
z 
is still ~. 
The effect of this procedure is that the g-tensor is used 
to incorporate the anisotropy of the energy levels arising 
from the effects of the orbital angular momentum of the 
electron. It can be deduced that 
n 
E -E 
n 0 
12 
(1-8) 
where En -E0 is the energy difference between levels described 
by the wavefunctions ~n and ~& where ~ 0 is the ground state 
wave function. For a molecule the molecular orbitals may be 
expressed as a linear combination of atomic orbitals, ~k' 
(1-9) 
and the elements of the g-tensor reduce to the form 
= g - 2 r E 
e 
{1-10) 
n k,j 
where the summation is over all pairs of atoms k,j and over 
all states, n; and where 8k means that the result of Lzk 
operating on an atomic orbital is zero unless the orbital 
belongs to atom k. 
Thus a knowledge of the molecular orbitals and their 
energies enables the g-tensor to be calculated, or alternative-
ly from knowledge of the g-tensor it may be possible to deduce 
information about the molecular orbitals and thus the geometry 
of the radical. 
1.2.3 The nuclear hyperfine tensor 
The nuclear hyperfine term, S•Ai•Ii' consists of two 
parts: 
(1) an isotropic part, a.S•I., arising from the Fermi contact ~ ~ 
interaction and related to the electronic wave function, 
ti(O), at the nucleus i by the equation 
(1-11) 
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( 2) an anisotropic part, s·.A! ·Y .. 
1 1 
The anisotropic tensor A' 
may always be reduced to diagonal form by a suitable 
similarity transformation to give principal values ai, a2 and 
a3· 
The anisotropic part, or dipolar hyperfine interaction is 
essentially the interaction of two dipoles, ~I and ~s · 
separated by a distance r. For one electron and one nucleus 
this interaction is represented by 
j{,.' (1-12) 
where the anisotropy arises from the orientation dependence of 
the vector r. Because of the orbital motion of the electron 
this expression reduces to 
jt' (1-13) 
which is zero for spherically symmetric orbitals and which 
averages to zero for rapidly tumbling molecules. 
The effect of the hyperfine interaction is to split the 
ms =±~energy levels into IT(2n.I. +1) sublevels, where n. is 
. 1 1 1 
1 
the number of magnetically equivalent atoms with nuclear spin 
Y
1 
.• To a first approximation·this produces IT(2n.I. +1) lines 
. 1 1 
1 
in the spectrum, each line assqciated with a transition 
between states where 6mi = 0. Lines arising from the same 
nuclear interaction are equally spaced, although the spacing 
depends upon the orientation of the crystal in the magnetic 
field. In this approximation the components of Y. and S that 
1 
lie perpendicular to the magnetic field are neglected. If 
they are not neglected it is found (17) that the energy of the 
states for the case of one interacting nuclear spin, I, becomes 
14 
(1-14) 
where the third term arises from the second order correction. 
For a single interacting nucleus the inclusion of this term 
merely causes a small shift in the hyperfine energy levels 
without altering their separation and these effects are 
negligible compared with the effects of the nuclear Zeeman 
energy. Slight changes in intensity also result from the 
second order correction. 
1.2.4 Nuclear Zeeman interaction 
The term SNH gN. Ii may be regarded as isotropic since 
~ 
the anisotropic terms arising from the diamagnetic shielding 
-5 
of the nucleus are only 10 times'the isotropic terms. While 
the magnitude of the nuclear Zeeman interaction is usually 
quite small at X-band frequencies (9000 MHz) it does produce 
shifts in the energy levels and also allows transitions 
between states where 6mi ~ 0 to have appreciable intensity. 
The result is that additional weak satellite lines may be 
observed. The procedure for calculating the effects of the 
interaction is discussed in Appendix 2. 
1.2.5 The nuclear electric quadrupole interaction 
The deviation of nuclear charge from spherical symmetry 
is reflected in the nuclear quadrupole interaction which causes 
small shifts in the energy levels. These cause the spacings 
of the nuclear hyperfine lines to be unequal but as the nuclear 
14 35 37 quadrupole moments of N, Cl and Cl are all small it was 
not expected that this inequality could be observed, as was 
indeed the case, and no calculation was required. 
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1.2.6 Linewidth and lineshape 
Associated with each line in a spectrum is a position, a 
width and a shape, and information about the radical and its 
environment may be obtained from each of these. 
The linewidth is dependent upon the lifetime, T, of the 
spin state undergoing the observed transition in a manner 
described by the Heisenberg Uncertainty Principle: 
l:;H o:: 1 
T 
Thus all relaxation processes which shorten the lifetime 
of the spin state will cause an increase in linewidth. Such 
processes include interaction of the electronic dipole with 
surrounding electronic or nuclear dipoles and quadrupoles, 
either spatially fixed or varying with the rotational, 
vibrational or translational motions of the crystal lattice. 
Electron exchange and chemical reactions between species may 
also be important. 
Line broadening may also be caused by unresolved hyper-
fine structure, by variations in the frequency of the oscillat-
ing field or by an inhomogeneous magnetic field as well as by 
the effects of saturation or modulation broadening which can 
be eliminated by suitable tuning of the spectrometer. A 
detailed study of linewidth can therefore yield information 
about relaxation processes and unresolved hyperfine 
interactions. 
For organic radicals the line shape is generally approx-
imately Gaussian because the predominant broadening effect is 
the dipole interaction with neighbouring dipoles which are 
arranged in an approximately Gaussian distribution. 
16 
When energy is supplied to the spin system more rapidly 
than it can be transferred to the lattice the system is said 
to be 'saturated' and the result is a reduction in signal 
height which is greatest at the centre of the signal and which 
therefore causes line broadening. As different species relax 
in different manners deliberate saturation of one of the spin 
systems may clarify the spectrum in cases where more than one 
radical is present. 
1.3 Review of ESR Studies of Organic Radicals containing 
Sulphur and Nitrogen 
1.3.1 Sulphur radicals 
From the very beginnings of esr spectroscopy attention 
has been focussed on radicals containing sulphur because of 
their importance in the radiolysis of natural products like 
proteins, enzymes and such components of cell nuclei as DNA and 
RNA. The early work of Gordy and coworkers (18-22) showed 
that irradiation of amino acids, proteins and thiols frequently 
gave rise to a characteristic esr signal which was attributed 
to radicals that had an unpaired electron localised primarily 
on a sulphur atom. Subsequent single crystal studies of 
radicals formed by irradiation at room temperature have 
verified this assignment and have shown that sulphur-sulphur 
and sulphur-hydrogen bonds are readily cleaved to produce 
stable radicals in which the unpaired electron normally 
occupies a non-bonding p-orbital of the sulphur atom (23-27). 
Kurita and Gordy (23) developed this model in their study of 
the HOOCCH(NH 2)cH2s· radical formed by Y-irradiation of 
L-cystine dihydrochloride and were able to deduce electronic 
transition energies from the theory of the g-tensor. The model 
has been successfully applied to several similar radicals 
formed by cleavage of sulphur-hydrogen (25), sulphur-sulphur 
(27) and sulphur-carbon (24) bonds. Isotropic hyperfine 
17 
interactions with the S-hydrogen atoms, arising through hyper-
conjugation are generally observed. 
More recent experiments carried out at lower temperatures 
show that the precursors of these radicals are radical ions 
that again have an unpaired electron located primarily on the 
sulphur atom (3,5-8,10,28,29). Studies of crystals of L-
cystine dihydrochloride at 77°K and 4.2°K by Box and Freund 
(8,28) and Akasaka et al. (3,29) have shown that both cations 
and anions are formed corresponding to a loss or gain of an 
electron in the region of the sulphur-sulphur bond. As the 
0 temperature is raised above 77 K the sulphur-sulphur bond 
cleaves to produce radicals which when reoriented to their 
stablest configuration are identical to the radicals formed 
upon irradiation at room temperature. Both ions are unstable 
to light but the anion decays more slowly and also persists to 
higher temperatures than the cation. The hyperfine interaction 
of the nearby protons is better resolved in the anion than in 
the cation but is almost isotr.opic in both. The g-values are 
also different, with only the ~nion possessing axial symmetry. 
Akasaka et al. (29) have explained these properties in terms 
of a model where the unpaired electron is in an antibonding cr* 
orbital in the anion, and in a nonbonding orbital in the cation. 
Ionic species have also been observed in irradiated 
dithioglycollic acid (6), D~L methionine (132), thiodiglycollic 
acid (5) and in several thiols (10,30,31) and it has been 
established that the species decay by cleavage of a sulphur-
sulphur or sulphur-hydrogen bond where one exists, or of a 
18 
carbon-hydrogen bond adjacent to the sulphur atom when the 
sulphur is bonded to two carbon atoms. Although cleavage of a 
sulphur-carbon bond under irradiation at room temperature has 
been observed in N-acetyl methionine (24) it is more common 
for C-H bond cleavage to occur (32-35). The resulting radical 
is stabilised by some delocalisation of the unpaired electron 
onto the sulphur atom on which the unpaired spin density may 
. 
be as high as 0.22, as observed in the HOOCCH2scHCOOH radical 
formed from thiodiglycollic acid (34). 
The major processes following irradiation of saturated 
sulphur compounds are: 
·+ M ~ M + e 
·-M + e + M 
+ 2RS• 
RSH•+ ·-+ e + RS• + H• 
RSCH2R•+ 
·-
. 
+ e + RSCHR + H• 
RSCH2R•+ ·-+ e + RS• + •CH R 2 
together with simple recombination processes. 
Many of the early experiments on sulphur-containing 
systems were concerned with the transfer of spin from one part 
of a molecule to another (36) or from one molecule to another 
(37,38). Such work is of interest because of the protective 
action of sulphur towards radiation damage in biological 
systems. In many irradiated compounds or mixtures of 
compounds where there is a sulphur atom it is found that alkyl 
radicals formed soon after irradiation gradually decay and 
that the number of sulphur radicals increases. These processes 
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generally involve transfer of a hydrogen atom and the rate of 
this process is found to depend upon the temperature and upon 
the nature of the sample (30,39-44). 
Very few esr studies have been made upon irradiated 
compounds which have unsaturated carbon-sulphur bonds. Luck 
and Gordy (19) observed a broad signal in irradiated thio-
acetamide and Jaseja and Anderson (45) reported the lack of 
signals in thiourea. Carbon disulphide gains an electron to 
form cs2 (46) which is similar to the co2 radical ion and 
whose structure agrees with that predicted by a Walsh diagram 
for a 17-electron molecule. 
Anions and cations were observed in thiourea, allyl 
thiourea and 1,2-dimethyl thiourea which are planar molecules 
but not in the non-planar tetramethyl or 1,2-diphenyl 
thioureas which gave nondescript spectra near the g value of a 
free electron (7). Such anions have nearly isotropic g values 
(g - 2.003) whereas the cations have highly anisotropic g 
values. (For example, the principal values of the g tensor of 
the thiourea cation are 2.067, 2.009 and 2.003). The 
difference between the g-values of the two ions is due to the 
difference in the energy required to excite a ground state 
molecule to the lowest electronic excitation level, which is 
much greater for the anion (n + rr*) than for the cation 
(n + IT). This means that there is less admixture of the 
excited states into the ground state for the anion. In 
addition to the signals due to these ions, a signal attributed 
to a hole shared between two thiourea molecules was observed. 
All the radicals disappeared on momentary warming to room 
I 
temperature showing that recombination processes are much more 
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important than radical-producing reactions. Even though 
thiourea is a conjugated system and the unpaired electron was 
expected to have been delocalised over both nitrogen atoms the 
unpaired spin density on the nitrogen atoms was too low for 
resolvable hyperfine splittings to be observed. 
Perhaps the most important general observation concerning 
the irradiation of sulphur compounds is that there is a 
preference for sulphur as the site of radiation damage and 
that radicals of the general form RS· are more stable than 
analogous radicals having the odd electron concentrated mainly 
on a carbon or oxygen atom. Because of the 'cage effect' 
mentioned in chapter 1.1, loss of a hydrogen atom from a 
molecule is generally the major radical forming process. In 
the presence of a mercaptan group this may be followed by 
intermolecular or intramolecular transfer of a hydrogen atom 
from a sulphur to a carbon or oxygen atom. This transfer is 
generally energetically favourable~since the dissociation 
energy of the sulphur-hydrogen bond is less than that of the 
oxygen-hydrogen or carbon-hydrogen bond as shown in Table 1.2. 
TABLE 1.2 
Bond Dissociation Energies (kJ.mole-1 ) (47,48) 
HS-H 376 HO-H 498 H-H 435 
CH3S-H 368 CH30-H 427 CH -H 3 435 
c 2H5S-H 368 c 2H5o-H 435 c 2H5-H 410 
CH3-SH 306 CH3-0H 381 
c 2H5-SH 293 c 2H5-0H 381 c 2H5-cH3 337 
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1.3.2 Nitro~en radicals 
Because of the importance of nitrogen in amino acids many 
studies of radicals containing nitrogen have been performed, 
although only a few of these radicals have the unpaired 
electron centralised on the nitrogen atom. 
Much of the early work on irradiated amino acid powders 
(19) did not lead to the identification of the radicals, and 
in many later experiments the nitrogen atom was far removed 
from the unpaired electron (23,24,26,32,33,43). Loss of the 
amino or protonated amino group as in a-alanine (49-52), 
a-aminoisobutyric acid (53-56), glycine (52,57,58) and many 
other amino acids (44,54,59,60) is also common. Other radicals 
which have the amino group sufficiently close to the unpaired 
electron to producean.observable nuclear hyperfine interaction 
have been studied. In some cases the hyperfine lines are 
resolved, as in the cases of the CH3CHNHCOC 6H5 and 
CH3C(COOH)NHCOc 6n6 radicals produced upon irradiation of 
N-benzoyl alanine (61) and the •CH(NH3+)COO- radical formed 
in glycine crystals (62-67). In other cases, such as for the 
+ • -H3NcH2CONHCHCOO radical formed from a-glycyl glycine (68), 
the hyperfine splittings are .too small to be resolved and 
contribute to the linewidths. 
Some low temperature studies of the effect of radiation 
on amino acids (50,53,57-59,69) have identified the major 
primary radical as an anion which has the unpaired electron on 
the COO functional group. This decays upon heating by loss 
of ammonia from the alpha carbon. Cationic species have not 
been positively identified although they probably are the 
precursors of radicals like +NH3CHCOO- which has been observed 
in glycine (50,62,70). 
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Several radicals formed from amines have been observed in 
solution and in frozen matrices. Wardman and Smith (71,72) 
observed the ·CH2NH 2 radical upon irradiation of methylamine 
. 
but found that CD 3NH was formed in deuterated methylamine. 
They attribute this difference to slight changes in crystal 
structure, hydrogen bonding and in bond strengths which become 
important because of the similarity of the C-H and N-H bond 
strengths. They postulate the mechanism: 
CH3NH2 ~ CH3NH2 
+ + e 
+ CH3NH2 
+ + CH3NH• CH3NH2 + ~ CH3NH3 
+ CH3NH2 •CH2NH 2 
+ CH3NH 2 + ~ + CH3NH 3 
CH3NH• + CH3NH 2 ~ •CH2NH2+ CH3NH2 
Wood and Lloyd (73) have studied the effects of radiation 
on a wide variety of primary, secondary and tertiary amines in 
adamantane matrices and have observed many radicals of the 
type R1R2CNR3R4 • The stability of such species increases in 
the order H2CNH2 > HRCNH 2 > R2CNH 2 (R = alkyl) which. is the 
reverse of the order for alkyl radicals. The hyperfine 
splitting of the nitrogen atom decreases with increasing alkyl 
substitution on the carbon but'increases for increasing 
substitution on the nitrogen. These effects are attributed to 
slight shifts in IT electron density caused by the difference 
in electronegativity between hydrogen and alkyl substituents 
(74). The hyperfine splitting due to the hydrogen atoms bonded 
to the nitrogen decreases upon alkyl substitution for one of 
these atoms and is attributed to twisting about the C-N bond 
away from a planar CNH2 equilibrium position. 
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Upon illumination with light of wavelength less than 540 
nm R2CNH2 radicals form alkylimino radicals, R2C=N·, that have 
an unpaired spin density greater than 0.8 in a nitrogen p 
orbital (75). Where such radicals have a S hydrogen they are 
characterised by a very large (80-90G) hydrogen hyperfine 
splitting. Similar radicals have been observed when tetrazene 
solutions are photolysed (76) . 
There have been many studies of radicals formed from 
amides. Most irradiated amides lose a hydrogen or a halogen 
atom from the a carbon to form radicals of the type •CXHCONH2 
(77-82) where the nuclear hyperfine splittings due to the 
amine group are small or not observed. Only in the CH3CHCONH2 
radical formed in crystals of propionamide (30) is the 
nitrogen hyperfine splitting well enough resolved to enable 
the principal values to be determined (3.18, 0.40, 0.23G). 
N-alkyl substituted amides may b~ reduced by abstraction of a 
hydrogen atom from the substituent as in the case of N,N 
dimethylformamide which yields •CH2 (cH 3 )NCHO radicals as well 
as (CH3 ) 2NCO (83,84). Acetamide initially forms anions upon 
irradiation at 77°K (85) but at room temperature only the 
•CH2CONH2 radical is observed. (86). Trifluoroacetamide (81,87) 
produces the analogous ·CF 2CON~2 radical as well as H2NCO and 
•CF 3 radicals from cleavage of a carbon-carbon bond. 
Several cases where nitrogen centred radicals were 
thought to explain the spectra have later been reinterpreted. 
The carbamoyl radical, OCNH2 , was originally assigned the 
structure OHC~H (86), but it was later deduced that the orbital 
of the unpaired electron was centred upon the carbon atom (88). 
Originally it was thought that NH2CONH• was formed upon 
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x-irradiation of hydroxyurea (89) but subsequent studies 
showed it to be NH2CONHO• (90-92). CF 3CF 2CONH was observed as 
a minor product in irradiated pentafluoropropionamide crystals 
(93) but the g and hyperfine tensors could not be determined. 
A radical remarkable for a very large (80G) and almost 
isotropic hydrogen hyperfine coupling was observed in x 
irradiated crystals of malonamide and assigned as H2NCOCH 2CONH 
(94,95). Similar signals were observed upon irradiation of 
cyanoacetylurea (96) and dicyandiamide (97,98) and were 
assigned to the NCCH2CONHCONH and NCNC(NH2)NH radicals 
respectively. To account for the large hydrogen hyperfine 
coupling it was originally considered that these were either 
a radicals or 1T radicals \vhere the hydrogen was not in the 
nodal plane of the 1T orbital. The common dominant feature of. 
these radicals suggests that they are similar but Symons (99) 
was not able to resolve the problem and considered that the 
malonamide radical might be NH3+ while suggesting a new 
structure, RHC=N·, to explain the signals in cyanoacetylurea. 
Radicals of this type have been produced in solution from 
nitriles (100} and arnines (75). Recent experiments on cyano-
acetic acid crystals (101,102) Y,-irradiated at 77°K show that 
·NCHcH2cooH is formed by hydrogen addition and that the 
parameters of the Hamiltonian are similar to those of the 
malonarnide, cyanoacetylurea and dicyandiamide radicals. The 
unpaired electron is in a nitrogen p orbital whose axis is in 
the plane of the carbon-hydrogen bond and there is an unpaired 
spin density of 0.65 on the nitrogen atom. It therefore seems 
reasonable to reassign the other species to radicals of this 
type. The crystal structure of dicyandiamide has been 
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determined (103) but because the directions of the principal 
axes of the g and nuclear hyperfine tensors have not been 
published it is not possible to determine whether (NH 2 ) 2CNCHN· 
o~ •NH(NH2 )CNCN is the most reasonable assignment. The former, 
however, seems more probable in view of the observation that 
only one hydrogen atom and two nitrogen atoms give observable 
hyperfine interactions with the unpaired spin. 
The relative orientations of the various principal axes 
for the radicals in malonamide and cyanoacetic acid are very 
similar which suggests that the radicals are both •NCHR 
radicals. In malonamide the orbital of the unpaired electron 
N (A ) appears to be directed along the a axis of the crystal 
max 
(104) at an angle of 70° from the nitrogen-hydrogen bond 
direction (AH ) . This angle is much smaller than the angle 
max 
expected for a RNH radical and is in good agreement with the 
results for •NCHCH2cooH. It therefore appears that the radical 
in irradiated malonamide is •NCHCH2CONH2 formed by loss of OH 
from the parent molecule. Toriyama and Lin (102) have 
proposed the following mechanism for radical formation in 
cyanoacetic acid. 
·. [NCCH2COOH]+ ~ 
·o / NCCH2C'-........_ 0• 
[NCCH2COOH]+ + e 
. 0 
NCCH C/ .+ H+ 
2 .........._0· 
. 
NCCH3 + NCCHCOOH 
·/o-
Nccn2c, 
'OH 
·/0 NCCH2C" + H+ -7 
"OH 
NCCH/~ (OH) 2 
NCCH2c (OH) 2 -->- •N=CCH2COOH 
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Any comparable mechanism for radical formation in amides would 
involve the formation of RNH· radicals which normally decay by 
hydrogen abstraction from a C-H bond and therefore low temper-
ature irradiation studies are necessary to resolve the problem 
of explaining the presence of a cyano radical in malonamide. 
In cyanoacetylurea the principal axes of the tensors are 
directly in a slightly different manner but until the crystal 
structure is determined no positive identification of the 
radical can be mnde.· 
The only other nitrogen compounds that have been found to 
produce nitrogen radicals are the ureas. Urea itself forms. 
the radical H2NCONH upon irradiation at 77°K (105). This has 
the unpaired electron in a TI orbital but is not stable at room 
temperature, when OCNH 2 forms (133). Alkyl substituted ureas 
form alkyl radicals (45,106) and thiourea forms ionic sulphur-
centred radicals (7), which recombine at temperatures below 
77°K. Ionic species have also been observed in a-methyl 
isouronium chloride crystals x irradiated at 77°K (107}. 
Semicarbazide hydrochloride forms the· •NHNH3+ radical by 
cleavage of a carbon-nitrogen bond (108) but carbazide crystals 
irradiated at 77°K lose hydrogen atoms to form NH2NHCONHNH· 
radicals and radical pairs (109). 
Thus while many nitrogen compounds have been irradiated 
only a very few form radicals that have an unpaired electron 
centred upon the nitrogen atom. This is presumably because 
the abstraction of a hydrogen atom by cleavage of a C-H bond 
is energetically favourable. The nitrogen radicals that have 
been observed have been formed in systems where no C-H bonds 
occur or where the radical is stabilised by extensive 
delocalisation over two or more atoms. The only exceptions 
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(71,76,110) were observed at low temperatures when the 
available energy was presumably less than the activation energy 
hydrogen transfer, or in urea inclusion crystals (111) 
where intermolecular transfer is impossible. 
1.4 Introduction to the Present Study 
In view of the paucity of information on unsaturated non-
aromatic radicals containing sulphur it was decided to 
investigate the results of irradiation of organic compounds 
which contain a carbon-sulphur double bond. Because of the 
difficulty of predicting exactly which radicals are likely t.o 
be formed it seemed desirable to allow for the possibility that 
the sulphur radicals might not be stable, as the results for 
thiourea indicated, and to incorporate another functional 
group of interest. Recent controversy over the structures of 
radicals formed from organic compounds containing nitrogen 
decided us to limit the study to compounds containing both 
sulphur and nitrogen. It was envisaged that the results of 
such studies could be compared to results obtained from irradiat-
ion of amides and that the comparison of the two might lead to 
a better understanding of the radiation processes and of the 
structure of the radicals. 
The technique of electron ·spin resonance is a highly 
sensitive means of studying small concentrations (as low as 
10-8M under favourable conditions) of free radicals and leads 
to information about bonding and the electron distribution 
throughout the radical. It has the additional advantages that 
the parent molecule makes no contribution to the observed 
spectrum except by way of weak intermolecular interactions 
which sometimes complicate the spectrum, and that unstable 
species may be observed by working at low temperatures. This 
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study was primarily concerned with the products of irradiation 
at room temperature although some experiments were performed 
at lower temperatures. Lack of very low temperature facilities 
precluded the observation of primary products which often decay 
at temperatures below 77°K. It was however anticipated that 
the reaction mechanism could probably be deduced from a 
knowledge of the stable products by comparison with the 
results of other studies at low temperatures. Single crystals 
were used because the maximum amount of information can be 
obtained from single crystal spectra. 
The compounds selected for study were thioacetamide, 
which bears comparison wi·th both amides and thiourea, 
thiosemicarbazide which may be compared with thiourea and 
semicarbazide, and sodium diethyl dithiocarbamate wherein the 
unpaired electron was expected to be highly delocalised. 
Studies were also envisaged on compounds related to these, and 
a number of additional compounds were irradiated. 
Such compounds have the advantages of being stable in 
air and of forming large suitably shaped crystals. Other 
possible subjectsfor study such as thioacetanilide, potassium 
xanthate and thiopropionic ac~d were excluded because the~ did 
not conform to these requirements. 
29 
C H A P T E R 2 
EXPERIMENTAL 
2.1 Chemicals 
Thiosemicarbazide (BDH Laboratory Reagent) was twice 
recrystallised from water. Crystals, mp. 182-183°c (lit. 181-
l830C) (112), were colourless needles with poorly defined 
edges so that it was not possible to identify the crystal 
faces. Partially deuterated crystals were grown by slow 
evaporation of a solution of recrystallised thiosemicarbazide 
in 99.8% deuterium oxide (Stohler Isotope Chemicals). 
Deuterated crystals had a similar appearance to undeuterated 
crystals. 
Mass spectrographic analysis of deuterated thiosemi-
carbazide showed 34% d5-, 55% d4-, 10% d3- and 1% d 2-
thiosemicarbazide in the crystal from which the final parameters 
were obtained but it was not possible to identify the position 
of deuteration by this means. The infrared spectrum of the 
partially deuterated compound showed none of the peaks 
associated with the vibrational modes of the amine group and 
only very weak residual peaks in the region of the N-H bending 
modes near 336 nm. 
Thiosemicarbazide Hydrochloride was prepared by dissolving 
recrystallised thiosemicarbazide in water acidified with excess 
dilute hydrochloric acid. Light green transparent crystals, 
mp. 183-186°C (lit. 186-190°C) (112), with well developed faces 
readily formed upon slow evaporation of the solution. The 
infrared spectrum agreed well with published results (113,115}. 
Crystals of deuterated thiosemicarbazide hydrochloride were 
obtained by slow evaporation of a solution of thiosemicarbazide 
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hydrochloride in 99.8% deuterium oxide. Mass spectrographic 
analysis of these crystals sho\ved an average of 32% d 5-, 44% \ . 
d 4-, 22% d 3- and 2% d4-thiosemicarbazide hydrochloride 
although this varied from crystal to crystal. Infrared spectra 
of the deuterated sample showed only faint peaks in the 
regions where the NH2 and NH vibrational modes occur. 
Analysis: 
N H c Cl s 
calc. for SCH3H6Cl 32.93% 4.74% 9.41% 27.79% 25~13% 
found 32.90% 4.74% 9.73% 28.13% 
Thiosemicarbazide Hydrobromide was prepared by dissolving 
recrystallised thiosemicarbazide in water acidified with excess 
dilute hydrobromic acid. Crystals, mp. 170-173°C, were very 
similar to those of the hydrochloride. The infrared spectrum 
agreed well with published results (113,116). 
Analysis: 
c H N s Br 
calc. for SCN3H6Br 6.98% 3.49% 24.42% 18.61% 46.50% 
found 7.02% 3.57% 24.27% 18.52% 46.43% 
Thiosemicarbazide Hydriodide crystals could not be prepared 
and although a powder was obtained by slow evaporation of an 
aqueous solution of thiosemicarbazide acidified with excess 
dilute hydriodic acid, mass spectrographic analysis showed it 
to be impure. Attempts to PFOduce the hydrofluoride by 
similar methods were unsuccessful. 
Semicarbazide Hydrochloride (Hopkin and Williams Ltd, England) 
crystals were grown by slow evaporation of aqueous solutions 
of the material. Large colourless prisms were readily 
obtained, mp. 172-3°C (lit. 175°) (112). 
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Semicarbazide Hydrobromide was prepared by the addition of a 
largeexcessoF dilute hydrobromic acid to an aqueous solution of 
semicarbazide hydrochloride. Slow evaporation of this 
solution yielded elongated prisms, mp. 172-176°c (lit. 174°), 
(117), which were a faint brown colour. Infrared spectra 
agreed well with published results (118). 
Sodium Diethyldithiocarbamate (BDH Laboratory Reagent) crystals 
were grown by slow evaporation of aqueous solutions. Large 
well formed colourless crystals, mp. 95-97°C (119) were readily 
grown. 
Thioacetamide (L. Light and Co. Ltd, England) crystals were 
grown by slow evaporation of benzene solutions. Crystals, ·mp. 
lll-112°C (lit. 115-l~6°C), (120) were slightly yellow and 
readily cleaved across the axis of elongation. 
Zinc bis(diethyldithiocarbamate) (BDH Laboratory Reagent) 
crystals were grown by slow evaporation of benzene solutions. 
Very large light brown transparent crystals were obtained, 
mp. 179.5-182°C (lit. 180°C) (112). 
Thiocarbazide was prepared by the reaction of carbon disulphide 
with hydrazine hydrate (121) but only very small crystals, mp. 
168-169°C (lit. l68°C) (122), .with ill-defined faces could be 
obtained. Large colourless crystals of thiocarbazide hydro-
chloride were grown from an aqueous solution of thiocarbazide 
acidified with hydrochloric acid. 
Carbazide was prepared by the reaction of diethylcarbonate with 
hydrazine hydrate (123) • Large elongated colourless crystals 
mp. 155-158°C (lit. 153-154°C) (124), were obtained by 
crystallisation from aqueous solution. The crystals cleaved 
readily across the axis of elongation. 
Analysis: 
calc. for OCN 4H6 
found 
c 
13.33% 
13.48% 
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H N 
6.67% 62.22% 
6.37% 62.58% 
3-Phenyl Thiosemicarbazide was prepared by heating phenyl-
hydrazine with thiourea (125) for four hours at 150-160°C 
following the method of Pinner (125i). Pinkish plates, mp. 
201-203°C (ljt. 200-1°C) (112), were obtained by crystallisat-
ion from ethanol. 
Analysis: 
calc. for sc7N3H9 
found 
c 
50.25% 
50.11% 
H 
5.43% 
5.49% 
N 
25.14% 
24.92% 
s 
19.18% 
18.92% 
Fremy's Salt was prepared by the method described by Zimmer, 
Lankin and Horgan (126). 
2.2 Irradiation 
Crystals were irradiated in air at room temperature 
using a Phillips P.W.l009 x-ray generator operating at 35 kV 
and 20 rnA. Nickel filtered copper Ka radiation was generally 
used although unfiltered CuKa radiation gave identical products •. 
Samples of all compounds were also sealed in glass tubes 
and Y-irradiated, both in air and under vacuum, using a 60co 
y-irradiation source at a dose rate of 0.14 Mrad/hr. Dosages 
were of the order of 1-10 Mrad but in no case did the size of 
the dose cause a variation in the radiation products. Samples 
irradiated under vacuum gave identical results to samples 
irradiated in air. 
Low temperature irradiation was achieved by placing the 
crystals in contact with a copper rod that was placed in a 
large reservoir of liquid air or liquid nitrogen so that the 
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crystals lay in the x-ray beam just above the surface of the 
liquid coolant. The temperature of the crystal was determined 
by a chromel-constantan thermocouple and was found to vary 
between 95°K and l05°K depending on the quantity of coolant in 
the reservoir. Crystals irradiated by this method were 
attached to a quartz rod by silicone grease and rapidly trans• 
ferred to the cavity of the esr spectrometer. 
In some cases crystals were glued to a quartz rod which 
was cooled in a similar manner while in the x-ray beam. This 
afforded a greater degree of accuracy in orienting the crystal 
but the difficulty of placing the crystal in the centre of the 
x-ray beam while maintaining good thermal contact with the 
coolant and the fairly high frequency with which the glue 
failed to hold meant a much lower rate of success. In 
addition, radicals were produced in the glue and in the quartz 
rod. The signals due to these radicals, although generally 
weaker than the signals of interest did sometimes obscure 
them. 
2.3 ESR Equipment and Experimental Procedure 
ESR spectra were taken on a Varian El2 esr spectrometer 
operating at 9.5 GHz with 100 kHz modulation and 12" magnet. 
Variable temperatures were achieved by using the Varian V4557 
variable temperature accessory. Early results were obtained 
from a similar spectrometer built by Dr T.J. Seed of the 
Physics Department, University of Canterbury (127). 
Samples were mounted on the quartz rod of a Varian E229 
goniometer which was attached to a Varian general purpose 
cavity. In the case of thiosemicarbazide, crystals were 
first mounted in a perspex cube to facilitate rotation about 
three orthogonal axes. For all other crystals rotation was 
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about directions defined by the crystal faces. Crystals were 
mounted by eye with the aid of a magnifying glass and glued 
into position with a glue made by dissolving perspex in 
chloroform. Large crystals could be mounted with an accuracy 
of at least 2° as evidenced by good agreement between spectra 
from different crystals •. Data were normal~y recorded at 
intervals of 1-5° depending on the complexity of the spectra. 
Relative alignments in a single rotation were correct to ±~0 • 
Rotation was about three orthogonal axes with the axial 
directions consistent for all three rotations. Checks were 
also made in a few orientations not in these planes. 
The effect of varying microwave power was determined for 
each crystal, and spectra were taken at power levels that gave 
negligible saturation effects. In some cases additional sets 
of spectra were taken at power levels where a high degree of 
saturation was occurring, as this enabled the signals of 
different radicals to be separated. The effect of temperature 
on the spectra of each radical was also observed. 
Powdered 2,2'-diphenyl-1-picrylhydrazyl (DPPH) 
recrystallized from carbon disulphide (mp. 127° sharp) was 
used to calibrate g-values (gDPPH = ~.0036) and solutions of 
naphthalene with potassium in 1,2-dimethoxyethane (130), or 
Fremys salt in water (128,129) were used to check the 
calibration of the field scan. 
2.4 Calculations 
All calculations were performed on an IBM 360 Model 44 
(32K word core storage) computer. Outp~t from this computer 
was used to drive an IBM1627 plotter. 
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2.4.1 Spectral simulation 
Spectra were simulated using a simple first order calcul-
ation to generate 1 positions. A line shape function was 
used to calculate intensities at small intervals around the 
line positions. These intensities were summed for each 
increment on the magnetic field and the pairs of coordinates 
so obtained were used to plot the spectra. The computer 
program used to calculate and plot spectra is discussed in 
Appendix 3. 
An adaptation of a program provided by J.A. Weil (131} 
enabled spectral simulation using second order equations to 
calculate line positions and intensities but as this took 
considerably more computer time and as the effects were barely 
observable little use was made of it. 
2.5 Computational Procedures 
2.5.1 g tensor 
For each spectrum the g value was calculated from the 
microwave frequency and the magnetic field at the centre of 
the spectrum of each species. These experimental g-values 
together with two angles defining the orientation of the field 
relative to axes related to the crystal faces were used as 
input for a computer program that calculated the elements of 
the g2 tensor (Appendix 1, part A}. 
2.5.2 Nuclear hyperfine splitting tensor 
The experimentally observed hyperfine splitting due to 
each nucleus was calculated at each orientation by measuring 
the difference in magnetic field strength between the hyperfine 
lines. In cases where I > ~ the! splittings between the lines 
were averaged as they were always equal, within experimental 
error. A hyperfine tensor was then calculated by the 
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procedure used to calculate the g tensor. 
Once the g tensor had been determined it was used to 
obtain a more accurate hyperfine tensor by the procedure out-
lined in Appendix 1, part B. 
2.5.3 Nuclear Zeeman interaction 
The effect of the nuclear Zeeman interaction is considered 
in Appendix 2. The g and hyperfine tensors derived from first 
order calculations were used as input for a computer program 
which adjusted the tensor elements to obtain a least squares 
fit to the observed hyperfine splittings using the second 
order equations. The corrections were again generally small· 
when compared with the experimental error in the measured. 
splittings. 
2.5.4 Computer programs 
The computer programs used in the course of this work 
are discussed in the appendices. 
2.6 Analytical 
Microanalytic analyses for carbon, hydrogen, nitrogen, 
sulphur, chlorine and bromine were carried out in the Micro-
analytical Laboratory of the University of Otago. 
q 
FIG. 3.1 Crystal habit· of 
thioa~etamide~ with laboratory oxes. 
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C H A P T E R 3 
RESULTS FOR THIOACETAMIDE 
3.1 Crystal Structure 
Crystals of thioacetamide were faintly yellow with well 
defined edges.and readily cleaved across the axis of elongation, 
which caused some difficulties in obtaining esr spectra at low 
temperatures. Axes were assigned to coincide with the crystal 
faces as shown in Fig. 3.1. 
The crystal structure has been determined (134) by x-ray 
diffraction methods. The crystals are monoclinic, space group 
5 P2 1/a(c 2h), with eight molecules in a unit cell of dimensions 
0 0 0 0 
a= 11.065A, b = 10.005A, c = 7.170A, S = 99.5 • The carbon, 
nitrogen and sulphur atoms of each molecule are coplanar and 
the molecular planes of the two inequivalent molecules in the 
0 asymmetric unit meet at an angle of 24.6 • The symmetry 
unrelated molecules differ slightly in their rotational modes, 
which may be due to the closer proximity of one of these to its 
centrosymmetrically related molecule. The normals to the 
molecular planes of the two sets of molecules make angles of 
5.1° and 28.6° respectively with the crystal c-axis. 
Single crystal x-ray precession photographs were taken to 
relate the laboratory axis system to the crystal axes. The 
direction of elongation (r axis) was found to be the crystal 
c-axis, as deduced from the ready cleavage across this axis. 
The crystal a-axis was found to be 47.5° from the normal to 
the broader face (q axis) and 42.5° from the p axis. These 
angles show that the broad face is the lTO face of the crystal 
and that the other face is the 110 face of the crystal, there 
being an angle of 95° between them. 
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The direction cosines of the bond directions in the a'bc 
crystal axis system were calculated from crystallographic data 
and transformed to the laboratory axis system. The important 
direction cosines are given in Table 3.1 where the two un-
related species are designated I and II. 
The unit cell has a centre of symmetry .and there will 
therefore be only four. magnetically inequivalent radicals in a 
general orientation. When the magnetic field is along the 
crystal axes two magnetically inequivalent crystal sites are 
expected. 
3.2 Irradiation 
Crystals became green when they were irradiated for long 
periods with x- or Y-rays at room temperature. Exposures of 
about 100 hours were required to produce sufficient concen-
tration of radicals to give an adequate signal to noise ratio, 
and exposures of less than 40 hours resulted in little 
colouration ot the crystals and only very weak esr signals. 
As far as could be determined the radicals resulting from 
irradiation for 60 hours were the same as those produced upon 
irradiation for 150 hours. 
Upon irradiation for six hours at 105°K the crystals 
become olive, but this colour disappeared when the crystals 
were warmed to room temperature. 
3.3 ESR Spectra 
3.3.1 Low Temperature Irradiation 
Crystals x-irradiated at 105°K and immediately transferred 
to an esr cavity at 120°K gave a many lined, orientation 
dependent spectrum centred at g = 2.003. The spectra were 
never symmetrical about their centre even when the magnetic 
TABLE 3.1 
Thioacetamide 
Direction Cosines of Bond Directionsa 
Molecule I (site 1) 
cl-sl 0.0118 -0.9991 -0.0406 
cl-Nl 0.08549 -0.5121 -0.0832 
cl-c2 -0.8600 -0.5072 0.0553 
_L 
-0.0733 0.0396 -0.9965 
Molecule I (site 2) 
cl-sl -0.9943 0.0988 -0.0406. 
Cl-NI -0.4356 0.8963 -0.0832 
cl-c2 -0.5803 -0.8125 0.0553 
J._ 
-0.0331 0.0764 -0.9965 
Molecule II (site 1) 
c3-s2 0.0320 -0.996q 0.0757 
c3-N2 0.7677 -0.5292 -0.3613 
c3-c4 -0.7330 -0.5167 0.4423 
j_ 0.4701 0.0818 0.8788 
Molecule II (site 2) 
C -·S 3 2 -0.9900 0.1188 0.0757 
c3-N2 -0.4603 0.8109 -0.3614 
c3-c4 -0.5787 -0.6852 0.4423 
l 0.1225 0.4611 0.8788 
a 1 . Re atJ.ve to laboratory axes, pqr. 
(a} 
(b) 
(C) 
DPPH 
l 
P=0.2mW 
T = 120"K 
I 25G 
FIG 3.2 Thioacetamide, irradiated at 105"K. 
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field was along the crystal axes, which indicates that there 
are at least two inequivalent species present. Examples of 
spectra are given in Fig. 3.2 but it was not possible to follow 
the variation of line position as the orientation of the 
crystal in the magnetic field was altered and no assignment 
could be made to the various lines. At some orientations a 
single line (Fig. 3.2b) separated from the main set of lines 
which extended over a range of sixty gauss at all orientations. 
In a few orientations spectra became almost symmetrical about 
their centre and were composed of five broad lines of relative 
heights 1:3:4:3:1. These could arise from interaction of the 
unpaired electron with one nitrogen and two equivalent 
hydrogen nuclei, where all the nuclear hyperfine splittings lie 
between ten and fifteen gauss. 
The complexity of the spectra precludes the definite 
identification of the radicals formed upon low temperature 
irradiation, but the g-value shows little evidence of spin-
orbit coupling which indicates that there is little spin 
density in orbitals centred upon the sulphur atom. The 
simplest spectra suggest the presence of the •CH2CSNH2 radical 
although the nuclear hyperfine.coupling of the nitrogen is 
much larger than has been observed in the •CH2CONH2 (84,86) 
radical or in any similar halogen substituted radical where 
the hyperfine splitting of the nitrogen nucleus is always less 
than three gauss. Molecular orbital calculations for amides 
and thioamides (163) however, show that there is a greater 
~-electron density on the nitrogen atom in the thio compounds 
and that the carbon-nitrogen bond has greater double bond 
character, so that a greater hyperfine splitting from the 
nitrogen atom is expected for the ·cH2CSNH 2 radi6al. 
(a) 
(b) 
(C) 
{d) 
P=0 .. 1mW 
T =120.K 
20G 
FIG 3.7 Thioacetamide irradiated 
at . 290.K showing main peaks(+) 
with the magnetic field along 
(a) (1,0,0), (b) (0,1,0), (c) (0,0,1). 
(d) (0.5~0.87,0.0) in the pqr-
axJs system. 
P•0.2mW 
FIG 3.3 Thioacetamide. irradiated at 29o"K. 
Temperature dependence. 
P•0.2mW 
T113120·K 
P.:200mW 
T=120.K 
FIG 3.4 Thioa.cetamide, irradiated at 290.K. 
Power saturation. 
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3.3.2 Room temperature irradiation 
The esr spectra of crystals irradiated at room temperature 
were generally composed of man~ overlapping broad lines<Ag. 3.7) 
spanning a range of about 150G on the low field side of g = 
2.000. Such spectra were markedly temperature dependent (Fig. 
3.3). As the temperature was decreased some lines became 
dominant and it was possible to determine the anisotropy in 
the g-value. No major attempt was made to analyse the less 
intense lines because while the angular variation of such lines 
could be established over small changes in orientation of the 
crystal, it was not possible to obtain a complete set of 
orientation data. Since all of these lines had g > 2.003 it 
appears that they generally involve spin-orbit coupling of the 
electron to an atom with a large spin orbit coupling constant, 
probably sulphur. 
Spectra of the major lines were recorded at 120°K and at 
1 . (0 2 W) . th th 1 1 t 1. 8° ow mlcrowave power • m ln ree or ogona p anes a 
intervals. The effect of increasing the microwave power level 
to 200 mW was not very great (Fig. 3.4) although all lines 
saturated and some of the weaker lines appeared to broaden more 
than others. 
When the magnetic field was parallel to the crystal c-axis 
the esr spectrum showed only one line due to the major species, 
but in the general orientation there are four lines and spectra 
taken with the magnetic field in the pq plane show clearly that 
there are two sets each of two symmetry related species (Fig. 
3.5 } . These different sets have similar g-values but 
unrelated orientations. The g-tensors calculated for these 
lines are given in Table 3.2 and the anisotropy curves are 
shown in Fig. 3.5. 
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FIG 3. 5 Thioacetamide 
TABLE 3.2 
Thioacetamide 
Principal Value b Direction Cosinesa 
A 2.0507 0.978 0.207 0.032 
2.0334 -0.203 0.975 -0.095 
2.0028 -0.050 0.087 0.995 
B 2.0496 0.796 -0.599 0.091 
2.0327 0.601 0.799 0.005 
2.0029 -0.076 0.051 0.996 
c 2.0496 -0.545 0.838 -0.003 
2.0329 0.838 0.545 0.027 
2.0031 -0.024 -0.012 0.9996 
D 2.0506 0.323 0.946 -0.033 
2.0331 0.946 -0.322 0.039 
2.0032 -0.026 0.044 0.9987 
~With respect to laboratory axes, pqr 
bstandard deviation = 0.0004 
c---c 
s 
N 
\ s 
N c-C . \C_..;-
1· I · I 
c-- ~N N 
s 
N 
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The large deviation of the principal values of the 
g-tensor from the free spin value suggests that the electron 
is localised primarily on the sulphur atom,and the close 
comparison of these values to those found for a number of 
thiol radicals \ll]here the unpaired electron is in a tr orbital 
(Table 3.3) localised mainly on a sulphur atom indicates that 
a similar radical has been formed in thioacetamide. 
This conclusion is supported by the orientation of the 
principal axes of the g-tensor. The minimum principal value is 
directed in a direction close to the crystal c-axis or normal 
to the molecular plane. According to the model of ·Kurita and· 
Gordy (23) for a radical with the unpaired electron in a 
sulphur 3p orbital normal to the molecular plane there should 
be little mixing of this orbital with other orbitals and the 
g-value should be close to the free spin value, as observed. 
This model predicts the maximum principal value to be 
directed along the carbon-sulphur bond. The calculated 
direction of the maximum principal value in the four observed 
radicals is shown in Fig. 3.6 where it can be seen that the 
principal axis associated with the maximum g-value occurs at 
an angle from the carbon-sulphur bond of about 19° for the A 
and D radicals and of about 32° for the B and C ardicals. The 
similarity of the direction cosines of the carbon-sulphur bond 
direction for the two inequivalent molecules I and II (Table 
3.1}, means that it is not possible to determine which set of 
molecules should be associated with the radicals, but the 
significant although small difference between the principal 
values of the g-tensors suggests that A and D are associated 
with one site and that B and C are associated with the other. 
TABLE 3.3 
Literature Data for g-Values of Thiol Radicals 
Radical Principal Values Reference 
HOOCCII 2cn2s· 2.055, 2.025, 2.003 27 
HOOCCH(NH 3Cl)CH2S· 2.29, 1.99, 1. 99 26 
CH3CONHCHCOOH 2.064, 2.029, 2.004 24 ~H2CH2 S· 
HOOCCH2CH(COOH)S• 2.054, 2.026, 2.003 25 
HOOCCH(NH2 )cH2S· 2.053, 2.025, 2.003 23 
Radical I 2.0507,2.0332,2.0030 this work 
Radical II 2.0496,2.0328,2.0030 this work 
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The complete absence of hyperfine structure and the lack 
of correspondence of the principal axes of the g-tensor with 
the bond directions in the undamaged crystal makes assignment 
to a structure uncertain. The large radiation dose required 
to produce observable quantities of the radical indicates that 
the radical may have been formed from an unobserved product of 
the irradiation. It is unlikely that the radical is either 
CH 3c = s or NH2c = S as this type of radical is expected to have 
the unpaired electron in a a-orbital (154), in which case the 
minimum principal value of the g-tensor is expected to be in 
the plane of the molecule. 
The stability of the radical at 290°K and higher temper-
atures discounts the possibility that the radical is an ionic 
species of the type: 
s± 
II 
CH - C -3 
since comparable ionic species formed from other compounds such 
as thiourea (7) decay at much lower temperatures. The most 
probable assignment is to a radical of the form: 
R -
CH· I 3 
C - S• 
I 
NH2 
where the unpaired electron is in a p orbital on the sulphur 
atom and where R is most likely to be a hydrogen atom. The 
formation of such a radical would be accompanied by a consider-
able reorientation of the bonds about the central carbon atom. 
, F lG. 4.1 Boridlengths(A) and angles (degrees) 
in the N,N...;diethyldithiocarbamate anion. 
b 
010 
111 
FIG. 4. 2 Crystal habit of Sodium 
NJN-diethyldithiocarbamate. 3H20 
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C H A P T E R 4 
RESULTS FOR SODIUM DIETHYLDITHIOCARBAMATE 
4.1 Crystal Structure 
Preliminary results have been published (135,136} for the 
crystal structure of sodium N,N-diethyldithiocarbamate 
(NaS 2CN(CH2cH3) 2 .3H20} but not the atomic coordinates. Crystals 
15 
are orthorhombic, space group Pbca(D 2h), with eight molecules 
0 0 
in a unit cell of dimensions a= 7.591A, b = 28.632A, c = 
0 10.470A. The structure consists of infinite layers of 
coordination polyhedra of sodium ions extending parallel to 
the ac-plane and connected on both sides with layers of 
organic anions. Each sodium ion is situated at the centre of 
a distorted octahedron of five water molecules and one sulphur 
atom {at 3.osR). The other sulphur atom is 4.lsR from the 
sodium ion. The anion is planar within ±O.o4R except for the 
terminal methyl groups. The three angles at Cl are all equal 
to 120° and the two carbon-sulphur bond lengths are almost 
equal in spite of the fact that one of them, Sl, is within the 
sodium coordination sphere. The·carbon-sulphur and carbon-
nitrogen bond lengths indicate'a high degree of double bond 
character (Fig. 4.1). 
The axis system used for this study is shown in Fig. 4.2. 
Crystallographic axes were determined by single crystal x-ray 
precession photographs and the crystal faces were indexed from 
these results. For convenience, laboratory and crystal axes 
were made to coincide. Crystals were of two forms, correspond-
ing to development of either the 001 or the 101 face. The 
crystal symmetry is such that there should be only two 
magnetically distinguishable sites when the magnetic field is 
(a) 
a 25G 
(b) 
l 
D~ 
FIG 4. 3 Spectrum of crystal. x-irrodiated at 290.lt 
after to) one doy,tb) tour months. 
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in the ab, be or ac planes and these sites should become 
equivalent when the magnetic field is along a crystal axis. In 
a general orientation four sites are expected. 
Preliminary atomic coordinates (137) provided by Professor 
Domenicano have been used to calculate the direction cosines 
of the bond directions, which are tabulated in Table 4.1. 
Direction cosines of symmetrically related molecules may be 
generated by reversing the signs of each column in turn. These 
results show that the normal to the molecular plane lies 17° 
from the crystal c-axis and that the bisector of the s1c1s2 
angle lies almost in the ab-plane 45° from the a-axis. 
4.2 Irradiation 
Crystals turned green upon x- or Y-irradiation at room 
temperature both in air and in vacuo. When crystals were 
irradiated at 105°K they became a very dark colour which faded 
as the temperature was raised above 150°K until they became 
light pink and finally colourless. There were no observable 
differences in the esr spectra of crystals irradiated at room 
temperature for six hours from crystals irradiated for twenty 
five hours nor between crystals irradiated in air or in vacuo. 
4. 3 rp('lliPOl:;ttUJ:O nopendonco of gsn Spoctrn. 
The esr signals produced in crystals irradiated at room 
temperature faded irreversibly when the crystals were annealed 
by heating to 60°C in a stream of nitrogen, but a number of 
weak spectral lines faded more rapidly than the other lines. 
The same lines disappeared when the crystals were stored at 
room temperature for four months (Fig. 4.3). Spectra of 
crystals irradiated at room temperature but cooled to 120°K in 
the cavity of the esr spectrometer were similar to spectra 
TABLE 4.1 
Sodium Diethyldithiocarbamate 
Direction Cosines of Bond Directionsab 
Bond Direction Cosines 
cl-sl 0.2103 -0.9637 0.1647 
cl-s2 -0.9150 0.2742 -0.2959 
C -N 1 0.7070 0.6965 0.1231 
sl-s2 0.6465 -0.7154 0.2651 
N-C 2 0.1761 -0.9740 0.1423 
N-C 3 -0.9477 0.2175 -0.2336 
..L 0.2782 -0.1025 -0.9550 
Na-S 1 0.1327 -0.9506 -0.2805 
aWith respect to crystal axes, abc. 
b Data from ref. 137. 
P=0.2mW 
(a) . 
r DPPH 
25G 
FIG 4.4 Crystal 1rradiated at 290.K. 
Temperature dependence. 
(a) 
(b) 
FIG 4. S Crystal irradiated at ·1QE)K 
(a) before, (b) after. momentary 
warming to 2 20·K 
P=0.2mW-
T = 120·K 
50G 
(a) 
{b) 
(C) 
FIG 4.6 Crystal irradiated at 10s·K. 
Temperature deperdence. 
P:0.2mW 
T = 120"K 
SOG 
T = 1SO.K 
T = 180.K 
(a) 
(0) 
P•0.2mW 
P•20mW 
P•0.2mW 
(b) 
" 50G _. 
T•120"K 
P•180mW 
(b) 
FIG 4.7 POWER SATURATION IN 
CRYSTALS X-IRRADIATED AT 
(a) 290.K (b) 105.K 
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recorded at room temperature although the linewidths of most 
of the lines decreased as the temperature was lowered (Fig. 
4.4) which caused the signal height to increase by a factor of 
three as the temperature was lowered from 290°K to 120°K. 
The esr signals produced in crystals irradiated at 105°K 
faded irreversibly as the temperature was raised above 150°K 
although the rate of loss of signal intensity was slow until 
temperatures near room temperature were Eeached. Not all lines 
faded at the same rate (Fig. 4.5}. Those signals occurring at 
lowest field values were very temperature dependent and were 
barely observable at 200°K (Fig. 4.6), at which temperature 
there was no resolved hyperfine structure. The marked 
temperature dependence of these lines is associated with the 
great variation of linewidth with temperature that is charac-
teristic of radicals which have large spin-orbit coupling and 
therefore very anisotropic g-values. 
4.4 Saturation of ESR Lines 
The esr spectra of crystals irradiated at room temperature, 
obtained at a microwave power level of 200 roW were very similar 
to spectra obtained at a power level of 0.2 mW except that 
spectral lines were slightly broader and the signal height was 
about twenty five times greater. at the higher power level. Most 
of the spectral lines changed in a very similar manner as the 
microwave power was varied except that a group of weak lines 
near g = 2.003 saturated more readily than the other lines 
(Fig. 4. 7a). 
The lines of the esr spectra of the crystals irradiated at 
105°K all saturated as the microwave power was increased 
I 
beyond 0.2 roW although the low field lines saturated much less 
readily than the lines nearer g = 2.00 (Fig. 4.7b). 
(0} 
(b) 
. (C) 
p .. o.2mW 
T .. 290·K 
c 
DPPH 
l 
(d) c 
FIG 4. 8 E SR spectra of crystal irradiated 
at 290·K. with the magnetic field along . 
(a) (1.0,0), (b) (0,1,0), (c) !0,0,1), tdll0.91,0.39. 0.0>' 
46 
4.5 Interpretation of ESR Spectra 
4.5.1 Irradiation at room temperature 
Spectra were generally composed of a complex of unrelated 
lines (Fig. 4.8) almost all of which showed a marked angular 
dependence in position and height. 
The most intense lines (marked C in Fig. 4.8) were easily 
seen at all orientations of the crystal in the magnetic field 
and a g-tensor was readily calculated. There are four 
magnetically inequivalent C radicals in the general orientation 
but when the magnetic field is in,any plane containing two of 
the crystal axes only two speciesare distinguishable and even 
these become equivalent when the magnetic field is parallel to 
the crystal axes or in the be-plane. The g-tensor for raoical 
C is given in Table 4.2. Symmetry related species differ only 
in the signs of the elements of the tensor, to within experimen-
tal error. Principal values calculated from this tensor are 
given in Table 4.3. The small size of the be-element makes it 
impossible to distinguish between the two possible combinations 
of signs of the off-diagonal elements but the principal values 
of both combinations agree within experimental error. The 
linewidth was approximately co~stant at 3.5G. 
The principal axes can not be unambiguously related to the 
direction cosines of molecular bonds derived from atomic 
coordinates because it is not possible to be sure which of the 
symmetry related g-tensors corresponds to the calculated 
direction cosines of Table 4.1. A comparison of Table 4.1 with 
Table 4.3 shows that the maximum principal value for radical 
c is likely to be close to either the c1N or the s1s2 
direction and that no principal value lies near to the normal 
to the molecular plane. The former choice, with g near c1N max 
TABLE 4.2 
Sodium Diethyldithiocarbamate 
g-tensors 
Radical Ten sora 
cb 2.0202 ± 0.0159 ± 0.0145 
2.0357 ± 0.0002 
2.0277 
D 2.0080 - 0.0089 - 0.0022 
2.0272 - 0.0038 
2.0086 
Ed 2.0047 - 0.0004 - 0.0017 
2.0078 
-
0.0001 
2.0027 
Fb 2.0168 ± 0.0131 ± 0.0001 
2.0248 ± 0.0072 
2.0528 
Gc 2.0268 ± 0.0156 ± 0.0172 
2.0358 ± 0.0109 
2.0383 
aUpper diagonal half of symmetric matrix in crystal axis 
coordinates, abc. 
bSign ambiguity due to small size of one off-diagonal element. 
csign ambiguity 
dDetermined for one sita only. Off-diagonal elements may be 
closer to 0.0000 
TABLE 4.3 
Sodium Diethyldithiocarbamate 
g-tensors 
Principal Value c Direction c . ab os1.nes Radical 
c 2.0490 0.588 0.702 0.399 
2.0310 0.176 -0.594 0.783 
2.0036 0.789 -0.390 -0.474 
D 2.0310 0.347 0.930 -O.l23 
2.0103 0.515 -0.079 0.854 
2.0025 0.784 -0.360 -0.506 
E 2.0078 -0.125 0.992 0.023 
2.0056 0.860 0.120 -0.495 
2.0017 0.494 0.042 0.868 
F 2.0548 0.096 0.271 0.958 
2.0328 0.608 0.746 -0.272 
2.0067 0.788 -0.608 0.093 
2.051 -0.607 -0.056 0.793 
2.047 +0.372 -0.862 +0.345 
2.003 0.702 -0.504 0.502 
2.061 -0.533 -0.555 +0.638 
2.030 +0.081 -0.785 -0.615 
2.013 0.842 -0.276 +0.464 
arelative to crystal axes, abc 
bsymmetry related species have direction cosines with one 
of the axial directions reversed in sign 
cstandard deviation= 0.0006 for c, D, F 
= 0.0005 for E 
= 0.001 for G. 
...L 
·gC 
min 
------- .... ·-- ---- --- ...... _-------- ---
c ~ 9max 
% I 
\C-N 
I \ 
1 
...L 
g~ 
c 
9min 
FIG 4.9 Possible orrentations of 
principal axes of radical C. 
47 
but 17° above the molecular plane, means that the g 2 and groin 
principal axes lie at 50° and 45° from the normal to the 
molecular plane and approximately coplanar with the s1s 2 
direction. The second alternative, with g 9° from the s1s 2 max 
direction, places the g2 and g . principal axes at 40° and 50° m~n 
from the normal to the molecular plane and approximately 
coplanar with the c1N direction (Fig. 4.9). 
The lines marked D in Fig. 4.8 have been characterised by 
a g-tensor (Table 4.2) which has a similar symmetry to the g-
tensor of radical C but which is less anisotropic. The height 
of the lines in the spectrum due to radical D are about one 
fifth of the height of the lines due to radical c. The line-
width is approximately constant at 3.5G. 
The minimum principal value lies within 3° of the 
orientation of the minimum principal value of radical C but the 
remaining principal axes are rotated 36° from the corresponding 
axes for radical C and neither lie in the molecular plane. The 
maximum principal value lies 19° or 32° from the c1s1 bond 
direction depending on which of the symmetry related species 
is chosen. 
At the high field end of each spectrum a series of 
triplet lines is apparent. The lines of each triplet are 
equally intense and equally spaced and therefore must be due 
to the nuclear hyperfine interaction of a single nitrogen atom. 
Two of these triplets (labelled E in Fig. 4.8) are clear at all 
orientations but further lines are generally overlapped by 
larger signals due to other radicals. The peak heights of the 
two resolved triplets are in the ratio of between 1:3 and 1:4 
and the spectrum does not change !very markedly with orientation. 
The spectrum due to radical E is readily saturated and is not 
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observable at a power level of 200 roW. The spectrum also fades 
irreversibly upon storage at room temperature for several 
months. No resolvable site splitting was observed although 
the widths and heights of the lines did vary as the crystal 
was rotated in the magnetic field. The distance between the 
triplets is almost isotropic and varies from 19.5G to 21G. The 
nitrogen hyperfine splitting is isotropic at 3.0-3.5G. This 
isotropy and the constant intensity ratio of adjacent triplets 
suggests that a radical containing one nitrogen atom and 
either three or four equivalent protons is present. It was 
not possible to determine whether a ratio of 1:3:3:1 or of 
1:4:6:4:1 was present,from simulation of spectra but the g 
value of the 1:3:3:1 set has principal values of 1.9958, 1.9997 
and 2.0019 which are all less than g • This would be most 
e 
unusual, implying an absence of low energy filled orbitals. 
The g-values associated with the 1:4:6:4:1 set are 2.0078, ~ 
2.0047, 2.0027 which are more usual for carbon centred radicals. 
It therefore appears that the radical is due to a species with 
four equivalent hydrogen atoms. A g-tensor based on this 
assump'tion is given in Table 4. 2. 
The maximum g-value is directed at 10° from the N1c2 bond 
while the other two principal axes are both 45° from the 
normal to the molecular plane, although these directions are 
not very accurate since no account was ·taken of site splitting 
in the determination of the g-tensor. 
In addition to the lines due to these radicals there are 
at least two other major sets of lines (labelled F and G in 
Fig. 4.8) which are clearly apparent at the low field end of 
the spectra. These lines are at least SG wide and their 
linewidth appears to vary as the crystal is rotated in the 
FIG 4.10 Orientation of. . · 
principal axes of radical F). 
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magnetic field. Lines due to G are less intense than lines 
due to F and appear to have partially resolved hyperfine 
structure at some orientations. As these lines were only 
about one tenth the height of lines due to radical C it was 
not possible to determine their positions at all orientations. 
Sufficient resolved spectra were, however, obtained to enable 
g-tensors to be calculated for both radicals and these are 
given in Table 4.2. It was not however possible to be sure 
which of the two possible combinations of signs of the off-
diagonal elements best described the variation of the g-value 
because of the low intensity and breadth of the signals. The 
difference is not important for radical F because of the small 
ac-element of the tensor but for radical G two quite different 
sets of principal values were obtained (Table 4.3). G1 is 
obtained from the G tensor when there is an odd number of off-
diagonal elements and is more likely to be correct because no 
lines at g > 2.05 were observed at any orientation. No lines 
were observed at g = 2.003 which could be attributed 
unambiguously to radical G but this may be because such lines 
overlap with other spec s. 
The principal axes of F are directed in the manner shown 
in Fig. 4.10 with g 14° from the normal to the molecular 
max 
plane and g . 9° from the c1N bond direction. No attempt was nu.n 
made to calculate the orientation of radical G although groin 
appears to be nearer the s1s2 direction than any other. 
4.5.2 Irradiation at low temperatures 
Spectra were generally dominated by two sets of lines, 
marked A and B in Fig. 4.11. A number of weaker lines were 
also observed but no attempt was made to analyse them since 
their position could seldom be followed as the crystal was 
(b) 
(d) B B 
P•lmW 
T .. 120'K 
I 50G 
FIG 4.11 ESR spectra of crystal irrad~ted 
at 105"K. with the magnetic field ?.1ong 
tal (1,0,0).(b} t0,1.0S. tc)t0,0,1).(d):l0.5.0.0.0.S7). 
TABLE 4.4 
Sodium Diethyldithiocarbamate 
g-tensors 
Radical Tensor a 
A 2.1072 ± 0.0139 0. oooo: 
1.9974 ± 0.0024 
2.1613 
2.0075 ± 0.0002 ± 0.0095 
1.9997 ± 0.0076 
2.0362 
Radical Principal Valuesd Direction Cosinesc 
A 2.1613 -0.004 0.015 0.999 
2.1089 0.992 -0.124 0.006 
1.9956 0.124 0.992 -0.014 
B 2.0404 0.273 0.177 -0.946 
2.0053 0.932 -0.291 0.215 
1.9977 0.237 0.940 0.244 
aUpper diagonal half of symmetric matrix in crystal axis 
coordinates, abc. 
bSign ambiguity due to small 'size of one off-diagonal element 
cRelative to crystal axes, abc. 
dstandard deviation = 0.0005. 
(a) 
(b) A 
(C) 
(d) 
(e) 
B 
A 
P=0.2mW 
T•120"K 
I 50G 
(f) A 
FIG 4.12 ESR spectra of crystal 
irradiated at 105·K, showing 
hyperfine structure of A at 
several orientations .. 
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rotated in the magnetic field. 
The lines marked B have no hyperfine structure and arise 
from four magnetically inequivalent sites although this number 
reduced to two when the magnetic field was in a plane contain-
ing two crystal axes. The g-tensor is given in Table 4.4. 
There is also a set of broad lines, marked A in Fig. 4.11, 
which have a very anisotropic g-value (Table 4.4) and which 
have some resolved hyperfine splittings. When the magnetic 
field is in the ac-plane there is only one species and there 
is a constant doublet splitting of 8.5-llG. When the magnetic 
field is in the ab- or be-planes there are two species present 
and the hyperfinc structure varies with orientation from a 
doublet to a more complex structure (Fig. 4.12) which was not 
normally symmetric and which contained up to four resolved 
lines. This additional complexity could be due to an additional 
site splitting caused by imperfect alignment of the crystal in 
the magnetic field. Such poor alignment could arise because 
of the great anisotropy of the g-value and because of the 
difficulty of accurately aligning the crystals while keeping 
them cold. When the magnetic field is along the b-axis the 
spectrum reduces to a broad li~e 16G wide, although this may 
also be two doublets incompletely superimposed through 
imperfect alignment of the cryst~l. The lines due to radical 
A broadened considerably as the temperature was raised above 
0 110 K, and were less readily saturated than the other lines in 
the spectra. 
The maximum principal value forB is 4.4° from the normal 
to the molecular plane and the intermediate principal value is 
only 5.0° from the c1s2 bond direction, as shown in Fig. 4.13. 
The anisotropy of the g-value indicates that there is considerable 
I 
--N 
' . \ 
'\ '' 
FIG 4.13 Orientation of principal 
axes of radicals A and B .. 
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spin density upon a sulphur atom, and the orientation of the 
principal axes suggests that the unpaired electron is localised 
mainly on one of the sulphur atoms either in a p-orbital on s2 
or in a sp2-orbital on s1 . 
The principal axes of A are not as close to the molecular 
plane, the normal to which is 17° from the axis associated 
with the maximum principal value. The intermediate and 
minimum principal values lie 29° and 22° from the c1s 2 and 
c1s1 directions respectively, and 16° and 5° from the molecular 
plane. The g-value of radical A is extremely anisotropic and 
only one principal value is near the free spin g-value. There 
is a hyperfine interaction with at least one nucleus which has 
a nuclear spin of ~ and which is probably hydrogen. This 
hyperfine interaction is approximately isotropic. 
4.5.3 Discussion of structures 
The lack of hyperfine structure and the anisotropic g-values 
suggest that several different radicals with their unpaired 
electrons in orbitals centred upon sulphur atoms are formed. 
It had been anticipated that radicals would be formed with 
their unpaired electron in orbitals encompassing the SCS 
functional group. For such radicals some hyperfine coupling 
from the nitrogen atom might be expected since the carbon-
nitrogen bond in the parent molepule has considerable double 
bond character (135,141). Furthermore, the principal axes 
should be oriented normal to the molecular plane, along the 
c1N1 bond direction and along the s1s2 direction. Of the 
radicals observed,only radical F comes close to this orientation, 
and this radical does not have the unpaired electron in a TI 
orbital normal to the molecular plane because if such were the 
case, the principal value oriented parallel to the symmetry 
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axis of the IT-orbital would be close to g = 2.003 as has been 
observed for radicals of similar symmetry. If the orbital of 
the unpaired electron is in the molecular plane the relation-
ships: 
= 2.0023 - 2 E L: 
n kj 
<vJoi~;J L kol ll/J ><l/J I L .o ·IVJo> 
<:. z <:. n n ZJ J 
L IP > = 0 z z L jP > = P Z X y 
E -E 
n 0 
L jP > = P 
z y z 
may be used in an analogous manner to their use in the cs2 
molecule (140) which has a similar group symmetry, to deduce 
that the maximum g-value will probably be oriented normal to 
the molecular plane, as is observed for radical F. It appears 
likely that radical F has been formed by loss or gain of an 
electron by an orbital which is in the plane of the molecule 
and which is delocalised over the CSS group. According to 
ultraviolet spectroscopic results (141) the strongest 
electronic transitions involve orbitals located mainly on the 
CSS group. 
The major radical, c, has its maximum principal value in 
a direction either near the s1s2 direction or near the ~N 
direction, but the other two principal axes indicate that 
considerable rearrangement of the molecular structure has 
occurred and it seems that the arrangement about the central 
carbon atom may have changed, possibly by rotation of the CSS 
group although the coordination of s1 to the sodium ion makes 
this seem unlikely. The minimum principal value of radical D 
is directed in a similar manner to that in radical C which 
suggests that the two radicals have the unpaired electron in 
the same orbital but that the molecule has undergone rotation 
by 36° about the axis of the orbital containing the unpaired 
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electron. The principal values of the two radicals C and D 
are however markedly different. 
The fact that all radicals are formed with radiation 
doses of about 1 Mrad and are stable at room temperature for 
months, and the observation that the crystal is not mechanically 
damaged upon irradiation suggest that they are formed without 
gross rearrangement of the molecular structure, as products of 
the radiation mechanism and not as radicals formed from further 
irradiation of products as appears to be the case in 
thioacetamide. The principal values of all of the radicals, 
except E, are similar in magnitude to those observed for 
radicals containing an unpaired electron in a p orbital of the 
sulphur (Table 3.2) and it appears likely that radicals c, D 
and G are of this type. Because s1 is within the coordination 
sphere of the sodium ion the unpaired electron is likely to be 
in an orbital on s2 and it seems probable that the c1s2 bond has 
moved from its orientation in the parent molecule. 
Radical E appears to have been formed by loss of a 
hydrogen atom. The small magnitude of the nitrogen hyperfine 
splitting discounts the possibility that the unpaired electron 
is located mainly on the nitrogen atom. The isotropic hydrogen 
hyperfine splitting of about 20G and the orientation of gmax 
indicates that the unpaired ele~tron is in an orbital on c2 • 
The radical is probably 
although the equivalence of the alpha and beta protons is 
unexpected. 
The radicals produced upon low temperature irradiation 
have principal axes oriented as shown' in Fig. 4.13. The 
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observation that the maximum g-value is directed close to the 
normal to the molecular plane suggests that the unpaired 
electron occupies an orbital in the molecular plane, as previous-
ly discussed for radical u. Radical B has the symmetry 
expected for an unpaired electron in a sp2 orbital of the s 1 
atom directed at 120° to the c 1s 1 bond in the molecular plane, 
and it appears probable that little reorientation of the 
parent molecule has occurred. This assignment aligns g 2 along 
the axis of the orbital containing the unpaired electron which 
is also the case in cs; (140). Since the sp2 orbitals are 
filled in the parent molecule, the radical is likely to be the 
neutral s 2CN(c 2H5 ) 2 species formed by loss of an electron from 
the parent anion. 
The direction cosines of radical A are not exactly in the 
molecular plane which indicates that some atomic rearrangement 
has occurred. The hydrogen hyperfine splitting must be due to 
a hydrogen atom which has transferred to the SCS group from 
either a water molecule or from the ethyl groups of neighbouring 
molecules, or possibly by intr~molecular transfer from the same 
molecule. Carbon or hydroxyl radicals could give rise to some 
of the lines near g = 2.00 but no attempt was made to identify 
them. The g-value of radical A is extremely large for a sulphur 
radical and only in L-Cysteine Hydrochloride has a larger 
g-value been observed (26), this peing attributed to the 
HOOCCH(NH3Cl)CH2S· radical. Isotropic hyperfine couplings to 
two hydrogen atoms were also observed for this radical. Such 
a large g-value can only occur if there are filled molecular 
orbitals close in energy to the orbital of the unpaired 
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electron. The broadening of the spectrum as the temperature 
is raised is consistent with such a large spin-orbit coupl~ng 
(139). 
a hydrogen atom were to attach to the central carbon 
atom a change from sp2 to sp3 hybridisation about the carbon 
atom would occur and this would be accompanied by a great 
change in atomic positions. The deviation of the principal 
axes of the g-tensor from the molecular plane is less than 20° 
so it appears unlikely that such a change has occurred. A 
more probable structure is the attachment o+ a hydrogen atom 
to one of the sulphur atoms,which would be accompanied by a 
slight reorientation about the other sulphur atom upon which 
the unpaired electron would be located. The principal axes of 
A and B are approximately colinear and it seems probable that 
the symmetry of the orbital of the unpaired electron is 
similar in the two radicals. Considerable differences between 
the highest energy filled orbitals must however exist between 
the two to account for the great differences in g-value, and 
this suggests that one of the species has two more electrons 
than the other. 
The irradiation of crystals of sodium diethyldithio-
carbamate produces several radicals which have no resolved 
hyperfine structure and which are mostly oriented in a manner 
that suggests considerable rearrangement of the parent 
molecule in the course of the irradiation. These factors mean 
that structures must be assigned largely on the basis of the 
g-tensors and only for radicals B and F do the principal axes 
agree with the symmetry of the undamaged molecule. 
FIG 5.1 THIOSEMJCARBAZIDE 
56 
C H A P T E R 5 
RESULTS FOR THIOSEMICARBAZIDE 
5.1 Crystal Structure 
Crystals were colourless elongated plates with ill defined 
edges so that it was not possible to identify the crystal axes, 
with the exception of the axis of elongation which was iden-
tified as the c-axis from single crystal x-ray diffraction 
photographs. 
The crystal structure has previously been determined 
(142,143) by x-ray diffraction methods. The crystals are 
triclinic, space group Pl1 with two molecules in a unit cell 
0 0 0 0 
of dimensions: a= 4.934A 1 b = 7.330A, c = 9.396A 1 a= 44.39 1 
0 0 S = 83.23 1 Y = 76.99 . The axis of elongation is the c-axis 
and is almost parallel to the N1N2 direction (Fig. 5.1). The 
molecule is planar, except for the two hydrogen atoms bonded 
to N3 , and the two C-N bonds are of equal length which 
indicates delocalisation of the double bond over the SCN1N2 
group. Since the unit cell has a centre of symmetry both 
molecules are magnetically indistinguishable. 
5.2 Irradiation 
Crystals became green upon x- or Y-irradiation at room 
temperature. Exposures were for 8-12 hours for an estimated 
dose of 2-3 Mrad. ESR spectra of crystals irradiated for 25 
hours were identical to those of crystals irradiated for 
shorter periods as were the spectra of crystals Y-irradiated 
in a sealed evacuated quartz tube. Crystals· were also 
x-irradiated at about 105°K and transferred to the cavity of 
(b) 
I 
~ 
\ 
~· 
- .. 
I 20G I 
FIG 5. 2 Unidentified lines in (a,b) normal, (c) deuterated. 
Thiosemicarbazide. 
(irradiated 4 months previously) 
P•200mW 
P•200mW 
P•2mW 
P•20mW 
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the esr spectrometer which was at 120°K. The spectra of these 
crystals were identical to those of crystals irradiated at 
room temperature. 
5.3 Saturation 
The main spectrum showed strong power saturation effects 
even at power levels as low as 0.01 mW although this was 
observed primarily in the line intensities, there being only a 
small degree of line broadening at power levels below 50 mW. 
In addition to the main spectrum there was a group of weak 
lines occurring at the low field end of the spectrum (Fig. 
5,2) which became of comparable intensity to the lines of the 
main spectrum when the latter were strongly saturated. Since 
these lines were very weak at power levels of 0.2 mW they did 
not interfere with the analysis of the main spectrum. The 
additional lines became more intense relative to the major 
signals after the irradiated crystals had been kept at room 
temperature for several months but were still clearly observable 
only at high power levels. Such signals were not analysed 
because they overlapped the main signals and because the lines 
were frequently broad and their positions difficult to determine 
very accurately. The centre of such signals was displaced to 
the low field side of g = 2.00 and averaged about g = 2.03 
although the complexity of the spectra was such that there 
appeared to be at least two unrelated paramagnetic species 
contributing to the signals. 
5.4 Temperature Dependence 
ESR spectra obtained at 120°K for both deuterated and 
undeuterated samples were very similar to those obtained at 
room temperature, there being a slight increase in intensity 
(a) 
(b) 
P:0.2mW 
T:290'K 
20G 
T:120'K 
T :290•K 
I 20G 
T :120'K 
FIG 5.3 Temperature dependence of esr spectra of 
<al normal, (b) deuterated · Thiosemicarbazide 
T:290'K 
~,. 20G ..1 
.. .. 
T: 120'K 
T:290 K 
T :120'K 
FIG 5.4 Temperature dependence of unidentified 
Unes in Thiosemicarbaz1de. 
(• identified spec1es l 
T= 290'K 
~)~ P:0.02mW 
P:0.2mW 
P:20mW 
P:200mW 
(b) ~ 
. ~·- ~~ 
---:---,_; \tf \ i I .~ 
\ ' \ , I 
I i\ ' I i ~ \ ~ ' ; \ 
P:0.2mW 
FIG 5. 5 Second order lines(+) tn 
(a) normal. (b) deuterated. 
Thiosemicarbazide 
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and a small decrease in resolution as the temperature was 
decreased (Fig. 5.3). The decrease in resol~t.ion was 
apparently the result of a small increase in linewidth, which 
was observable only when the spectra had many lines resolved. 
The increase in intensity may be attributed to the effect of 
temperature on the distribution of spin states described by 
the Boltzmann Distribution. The increase in linewidth is 
uncommon and may be due to a change in the interaction of 
nuclei whose hyperfine couplings are not resolved but which 
contribute to the linewidth. 
The radicals were stable in air at room temperature for 
several months although an irreversible loss occurred when 
the temperature was raised above 60°C. At such elevated 
temperatures all the spectral lines disappeared at the same 
rate. 
The weak signals which are observed mainly under 
saturating conditions, increased in height more than the main 
signals as the temperature was lowered, and resolution 
improved, as expected for line-broadening due to spin-lattice 
relaxation (Fig. 5.4). 
5.5 Interpretation of ESR Spectra 
5.5.1 Undeuterated Thiosemicarbazide 
The ESR spectra were symmetrical about the centre at all 
orientations at room temperature and low microwave power levels, 
indicating a single radical per unit cell which is consistent 
with the symmetry of the parent crystal. 
In a few orientations a weak line was observed at each 
end of the spectrum (Fig. 5.5). The intensity of these lines 
increased slightly relative to the other lines as the microwave 
power level was increased (152) • Such lines arise from the 
(a) 
20G 
(b) 
(c) 
(d) 
FIG 5.6 Thiosemicarbazide with the 
magnetic field along: 
(a) <0.74, 0.67.0.0),(b) (0.94,0.34.0.0), 
(c) CO. 90. 0.0, 0.44 ), CdHO.O, 0.79 .0.62), 
Ce) co.o. 0.28.0.96 J, in the a,b1craxis 
system 
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second order effects discussed in Chapter 1.2 and were not 
analysed further. 
The spectra changed markedly as the orientation of the 
crystal in the magnetic field was varied, with as many as 
eighteen distinct lines being observed. In a number of 
orientations the pattern of lines reduced to easily identifiable 
groups shown in Fig. 5.6. 
The doublet (Fig. 5.6a) can only be due to the interaction 
of a single nucleus with a nuclear spin of one half which, 
from the structure. of the molecule must be a hydrogen nucleus, 
henceforth labelled H . This doublet is split further by three 
a 
lines of equal intensity (Fig. 5.6b) which indicates interaction 
of a single nitrogen nucleus, Na(I = 1). 
In one orientation (Fig. 5.6c) the doublet is split by 
another hydrogen nucleus, HS' producing four lines of equal 
intensity. 
Near the crystal c-axis the spectrum collapses to a single 
line about 20G wide at which point the major nitrogen and 
hydrogen hyperfine splittings are close to their minima (Fig. 
5. 6d) • 
Such sets of simple patte~ns show that there are 
interactions with two hydrogen atoms and one nitrogen atom. 
These are not sufficient to account for all of the lines 
observed at a ·general orientation (Fig. 5.6e) and it is found 
that a further nitrogen nucleus, NS' is interacting with the 
unpaired electron. 
Spectra were taken at 2° intervals in three arbitrary 
orthogonal planes which enabled most of the lines to be 
followed as their positions varied. The tensors calculated 
for the undeuterated material are given in Table 5.1 and the 
10G 
FIG 5 .. 7 Thiosemicarbazide: magnetic fteld alor1g c- axis 
2 
¢=90" 
9=58 
td) 
2 
FIG 5.8 Comparison of experimental spectral1l 
and spectra simulated from calculated tensors 121 
tor Thiosemicarbazide. 
2 
principal values and their associated direction cosines in 
Table 5.2. The sign of the H coupling has been given in 
a 
accordance with theoretical predictions (144,145). 
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In addition to these rotations, the crystal was oriented 
with the magnetic field along the axis of elongation (Fig. 
5.7). Since the axis was poorly defined the error in 
alignment was estimated as ±6°. Along this axis both nitrogen 
hyperfine splittings are close to their minima, the H hyper-
a 
fine splitting is about 8.5G and the H$ hyperfine splitting is 
about 4.5G. The direction cosines of the crystal c-axis were 
estimated as (0.0, 0.9, -0.44) in laboratory coordinates. 
Because the linewidths were as large as 3.0G it was not 
possible to determine the minimum principal values with very 
great accuracy. The tensors listed in Table 5.1 lead to 
simulated spectra that agree well with the experimental spectra 
for those orientations of the crystal where the H and N 
a a 
hyperfine splittings are large; but sometimes do not agree very 
well when the hyperfine splittings are small. Some examples 
of simulated spectra are given in Fig. 5.8. Because the 
orientation of the minimum principal value is constrained by 
the accurate determination of 9ne or two of the other principal 
axes, the direction cosines of all three principal axes have 
similar errors, except in the case of Na where two of the 
principal axes were less accurately determined than the unique 
axis. 
The hyperfine tensors describing the interaction of the 
hydrogen atoms with the unpaired electron were determined with 
the use of second order equations but the difference between 
the elements of tensors determined by first and second order 
methods was only of the magnitude of the experimental error. 
TABLE 5.1 
Undeuterated Thiosemicarbazide 
. 1 a Exper~menta Tensors 
H 26.7 7.5 0.4 
a 
9.7 7.3 
16.3 
N 7.8 -6.6 -9.6 
a 
9.9 12.0 
20.4 
Hs 4.1 -2.1 1.0 
2.7 1.8 
5.9 
Ns 2.3 -1.6 -2.6 
3.1 0.8 
5.0 
g 2.0061 -0.0000 0.0022 
2.0039 -0.0012 
2.0037 
a Expressed in laboratory axis system a 1b 1 c 1 • 
TABLE 5.2 
Undeuterated Thiosemicarbazide 
Principal Value a Direction Cosinesb 
-30.2 ± 0. 4G 0.883 0.405 0.237 
-19.1 ± 0.5G -0.390 0.352 0.851 
- 3.4 ± 2.0G -0.261 0.844 -0.469 
33.6 ± 0.3G -0.413 0.502 0.760 
2.7 ± l.OG 0.831 -0.134 0.540 
2.0 ± l.OG 0. 373 0.855 -0.362 
6.7 ± 0.5G 0.06 0.38 0.92 
5.6 ± 0.7G 0.84 -0.52 0.16 
0.4 ± 0.9G 0.54 0.76 -0.35 
7.2 ± 0.4G -0.528 0.372 0.764 
2.9 ± 0.6G -0.141 0.848 -0.511 
0.3 ± 0.9G 0.838 0.378 0.395 
2.0074 0.823 -0.192 0.535 
2.0043 0.400 0.864 -0.306 
2.0018 -0.403 0.466 0.788 
c-axis 0.0 0.9 -0.44 
aErrors are estimated to give a measure of twice the standard 
deviation at any orientation; 
bWith respect to arbitrary orthogonal axes,· a 1b 1c 1 •. 
cstandard deviation = 0.0003. · 
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The variation of each of the, hyperfine coupling constants 
and of the g-value as the crystal is rotated about the three 
orthogonal axes in which the tensors are expressed are 
combined in Fig. 5.9 to show the variation of the complete 
spectrum with orientation. 
5.5.2 Deuterated thiosemicarbazide 
The deuterated crystal gives rather different combinations 
of lines and the maximum width of the spectrum is 85G instead 
of lOOG as observed for the undeuterated material. For this 
orientation of the undeuterated crystal AN = 
a 
= 6.5G. If H and 
a 
2l.OG, ~ = 6.5G, and AH 
s s 
30.0G, AH = 
a 
HS were replaced 
by deuterium the width of the spectrum would reduce to 82G 
whereas if only H were replaced the width of the spectrum 
a 
would be 86G. 
There are no groupings comparable to Figs 5.6(a)-5.6(c). 
The spectrum does collapse to a single line of width 6G (Fig. 
5.10a) and also into three broad lines of equal intensity (Fig. 
5.10b) due to the hyperfine coupling of either a nitrogen or a 
deuterium nucleus. These three lines are each split into 
three, four or fi~e further lines (Figs 5.10c-e) which are 
attributed to the combination of a doublet and a triplet. The 
doublet can only arise from interaction of a hydrogen nucleus 
which has a hyperfine coupling constant of about six gauss. 
Since this splitting never exceeds lOG it must be due to H6. 
The large triplet splittings are similar to the Na 
splittings in the undeuterated material, and the small triplet 
splittings have a similar magnitude to the NB splittings. The 
relative orientations of the principal axes of the tensors 
calculated for these triplets are similar to those of the 
nitrogen hyperfine tensors calculated for the undeuterated 
FIG 5.11 Oeuterated Thiosemicarbazide 
shewing unresolved hyperfine structure ( +) 
10G 
+ 
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material and the tensors have therefore been attributed to N 
a 
and NS respectively. 
There appears to be no resolved splitting due to D which 
a 
must therefore be less than the linewidth at all orientations. 
The linewidth was only calculated at a few crystal orientations, 
because the hyperfine splitting parameters were not determined 
to sufficient accuracy to make it possible to calculate the 
linewidth at orientations where lines overlapped a great deal. 
In the undeuterated crystals a minimum linewidth of 3.0G was 
observed whereas the minimum linewidth in the deuterated 
crystals was 2.0G. 
For some orientations of the deuterated crystal in the 
magnetic field individual lines became partly resolved to 
reveal further structure (Fig. 5.11) but this was indistinct 
and was not fully analysed. Such additional line splitting was 
always less than 2.5G. 
The difference between the minimum linewidths in the two 
compounds suggests that there could be interactions with 
further protons and this is also suggested by the unusual 
variation of the linewidth as the temperature was varied. 
The parameters calculated for the deuterated crystals are 
given in Tables 5.3 and 5.4. The anisotropy of the g-tensor 
and each of the hyperfine interaction tensors are combined in 
Fig. 5.12 to show the variation of the complete spectrum with 
orientation of the crystal in the magnetic field. 
5.5.3 Interpretation 
The magnitude of the hyperfine couplings of the most 
strongly interacting hydrogen and nitrogen atoms leaves no 
doubt that the radical is of the type •NHR. 
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TABLE 5.3 
Deuterated Thiosemicarbazide 
Experimental Tensorsa 
NCl 13.1 0.5 -14.9 
3.3 1.0 
23.8 
Hl3 5.8 2.5 - 4.0 
4.7 2.9 
8.2 
Nl3 3.0 0.6 - 2.7 
3.4 0.4 
5.0 
g 2.0041 -0.0005 0.0012 
2.0066 0.0000 
2.0030 
aExpressed in laboratory axis system 
a2b2c2. 
TABLE 5.4 
Deuterated Thiosemicarbazide 
Principal Value a Direction Cosines b 
34.2 ± 0.5G -0.58 0.03 0.82 
3 ± 3G 0.4 0.8 0.3 
2 ± 3G 0.7 -0.5 0.5 
11.3 ± 0.6G -0.53 0.17 0.83 
7.5 ± 1. OG 0.60 0.77 0.22 
o.o ± 2G 0¢.60 -0.62 0.51 
6.9 ± 0.4G -0.57 -0.00 0.82 
3.6 ± 0.6G 0.23 0.96 0.16 
0.9 ± 1.6G 0.79 -0.28 0.55 
< 2.5G 
c g 2.0067 -0.211 0.975 -0.064 
2.0048 0.806 0.211 0.553 
2.0022 -0.553 -0.065 0.831 
aErrors are estimated to give a measure of twice the 
standard deviation at any orientation. 
bWith respect to arbitrary orthogonal axes, a 2b 2c 2 • 
cStandard deviation = 0.0003 
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The radical ·NHR which has the unpaired electron in a p 
orbital on the sp2 hybridized nitrogen atom is expected (146) 
to be comparable to the R2CH radical (12,164), and the theory 
describing the g- and hyperfine tensors of this species (70, 
144,145) has been successfully used to account for several 
- + -nitrogen-centred radicals such as •NH(S0 3) (146}, •NH2so3 (147), 
and •NHNH~ (108) . This theory predicts that minimum g-value 
and the intermediate principal value of the H hyperfine tensor 
CJ, 
will be directed along the symmetry axis of the p orbital. 
It is also expected (148) that the maximum principal value of 
the nitrogen hyperfine splitting will be in this direction. 
The smallest value of the H hyperfine splitting is predicted 
CJ, 
to coincide with the direction of the N-H bond. The nitrogen 
hyperfine tensor is expected to be axially symmetric although 
deviations are often observed (108,147). The experimentally 
max . 2 
observed directions of the principal axes g . , N and H 
m1.n CJ, CJ, 
are as predicted for both deuterated and undeuterated samples, 
so that the unpaired electron is deduced to be in a TI orbital 
perpendicular to the molecular plane. It is also observed 
that the maximum principal value of the NS hyperfine splitting 
is oriented in this direction which indicates some 
delocalisation of the unpaired electron over the two nitrogen 
atoms. 
The coplanarity of the remaining principal axes is 
entirely consistent with the crystallographic data which show 
that the molecule is planar. 
Since the splitting due to H is not observed in the 
CJ, 
deuterated crystal it must arise from a hydrogen atom on one of 
the terminal atoms, and the presence of a doublet splitting in 
the spectra of the deuterated material indicates that the HS 
RADICAL I 
RADICAL JI 
FIG 5.13 
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hyperfine coupling arises from H21 , in which case small 
nitrogen coupling likely to be of N2 (Fig. 5.13}. 
There are only two possible radicals that can account for 
all of these observations, and these are not easily distinguished. 
(II) (I) 
However, the observation that both nitrogen hyperfine couplings 
and the larger hydrogen hyperfine coupling are close to their 
minima when the magnetic field is along the c-axis provides a 
means of distinguishing them, since the minimum alpha hydrogen 
hyperfine coupling is expected to be directed along the NH 
bond (70}. 
From the crystal structure determination it is known that 
the angle between the c-axis and the N1H11 direction is 
0 31.6 1 
whereas the N3H and N3H32 directions are not close to the 31 
c-axis and do not 1 in the SN1N2 plane. If it is assumed 
that there is no major reorientation of the parent molecule 
upon irradiation then the N3H bond of radical II is not close 
to the observed direction of the minimum principal value of the 
Ha hyperfine coupling which is about 15° from the c~axis. 
The possibility remains that a radical of type II is 
formed by reorientation of the terminal N3H group, so that the 
unpaired electron lies,in a p orbital normal to the molecular 
plane and that the N3H31 bond lies in the plane at 120° to the 
N3N2 bond, as expected for trigonal hybridisation (Fig. 5.13b) 
From observations along the c-axis it was found that this 
axis is 15° and 22° from the directions of the minimum principal 
values of the H and N hyperfine tensors respectively, to 
a a 
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within about 8°. Thus if the radical is of Type I (Fig. 5.15a) 1 
the minimum principal value of the N hyperfine coupling and 
a 
the intermediate principal value of the g-tensor lie very 
close to the direction of the CN1 bond and the minimum principal 
value of the Ha hyperfine coupling is about 16° from the N1H11 
bond direction. Of the principal axes of the H6 hyperfine . 
coupling only the minimum principal value lies in the molecular 
plane, near the N2H21 bond direction. 
If the radical is of type II but reoriented in the manner 
explained above, the principal axes would still be directed 
approximately in this manner with respect to the bond directions 
except that the intermediate principal value of the Nc~. 
coupling, and the minimum principal value of the g-tensor 
would be 22° and 24° respectively from the N2N3 bond direction 
(Fig. 5.13b). 
The average g-value is 2.0044 which is similar to that 
observed for the NH2CONH· radical in urea (105) and for ·NH2 
radicals (165), although greater than for the ·NHNH3+ radical 
(108). Some controversy has existed aver the orientation of 
the g-tensor in analogous radicals. The .·maximum g-value has 
been found to almost coincide with the H:in value in •NHNH3+ 
but to be 45° from this direction in •NHS0 3 {146) and to 
coincide with H:ax in •CH(co 2H) 2 (166). Other workers have 
found the principal axes to be in orientations not related to 
the radical symmetry as determined by crystallographic data or 
from the hyperfine interactions. Such ambiguity is partly due 
to experimental inaccuracies in determining an almost isotropic 
quantity. The principal axis of the maximum g-value is 
largely determined by the symmetry of the completely filled 
orbital nearest in energy to the orbital containing the 
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unpaired electron. In most nitrogen radicals this will be the 
sp2 non-bondir:-g orbital containing the lone pair. 
The close similarity of the orientations of the principal 
axes for the N and g-tensors indicates that they reflect the 
a 
symmetry of the radical. For radical I the g2 and N~ principal 
axes lie near the Nil bond whereas in radical II they lie near 
the symmetry axis of the lone pair. Since the g-tensor is more 
likely to reflect the symmetry of the lone pair orbital which 
is almost certainly involved in the lowest energy electronic 
transition, radical II seems to be a more probable structure 
for the species. An unpaired electron in a n-orbital on N1 
would probably be delocalised over the SCN1 group and a greater 
g-value might be expected than has been observed. On the other 
hand formation of such a radical involves no reorientation of 
the terminal amino group. 
In the undeuterated sample additional hyperfine 
interactions with the hydrogen atoms attached to N1 could 
account for the greater linewidth when compared with spectra of 
the deuterated sample. 
The D hyperfine splitting in the deuterated sample 
a 
appears to be only one half of the magnitude predicted by the 
Ha hyperfine splitting of the undeuterated sample, and the HS 
splitting is considerably greater in the deuterated sample than 
in the undeuterated sample. The Na and NB splittings do not 
alter. These differences indicate that the orientation of the 
hydrogen atoms may be slightly different in the two radicals, 
but it is clear that the differences between the deuterated 
and undeuterated radicals are restricted to the hydrogen and 
deuterium atoms and may be accounted for by slight differences 
in bond lengths and angles and in the strength of hydrogen 
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bonding. Such differences have been observed to occur in 
other compounds upon deuteration (149,150,151) and in some 
cases different species are formed upon irradiation (71,72) . 
. 
The principal values of the hyperfine coupling constants 
may be used to determine the distribution of the unpaired spin 
density throughout the radical. The theory of the nuclear 
hyperfine coupling is discussed in section 1.2.1. 
From the isotropic hyperfine coupling an estimate of the 
s character of the orbitals may be deduced. The isotropic 
alpha hydrogen coupling is 17.6G which is slightly smaller 
than is usual for TI-radicals (16) but similar to that observed 
+ for ·NlillH3 (108). Theoretical calculations of the hyperfine 
coupling constants using equations 1-11 and 1-13 and values of 
I 1
2 -3 ¢(0) and <r > calculated by self-consistent field methods 
N N 
as tabulated by Morton (52), give A2s = 550G, A2p = 17.2G, 
A~8 = 507G. Using these figures, the spin density in the alpha 
hydrogen ls orbital is 0.035 and in the beta hydrogen ls 
orbital is 0.008. The isotropic couplings of the nitrogen 
atoms are consistent with a spin density in the nitrogen 2s 
orbital of 0.023 for the alpha nitrogen atom and of 0.006 for 
the beta nitrogen atom. To a good approximation the alpha 
nitrogen coupling is cylindrically symmetrical with an= 12.7G 
and bn = 10.4G. This value of bn implies a spin density of 
0.63 in the nitrogen 2p orbital. The beta nitrogen coupling is 
not cylindrically symmetrical but can be decomposed into an 
isotropic and two anisotropic parts, the smaller representing 
the deviation from axial symmetry. 
3.5 
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Associated with b' is a spin density of 0.12 in the nitrogen 
n 
2p orbital. The deviation from axial syrrmetry indicates that 
there is additional spin density in the beta nitrogen sp2-
orbitals. 
001 
FIG 6~1 Crystal habit of 
Thiosemicarbozide • HCI. 
a 
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C H A P T E R 6 
RESUL'l'S FOR SEMICARBAZ IDE DERIVATIVES. 
A THIOSEMICARBAZIDE HYDROCHLORIDE 
6A.l Crystal Structure 
As far as could be ascertained, the crystal structure of 
thiosemicarbazide hydrochloride has not been elucidated. 
Crystals of the oxygen analogue, semicarbazide hydrochloride 
(153), are orthorhombic, space group P2 1 21 21 (D~), with four 
molecules in the unit cell. Although replacing sulphur for 
oxygen will affect the hydrogen bonding in the crystal, 
comparison with similar compounds (109) suggests that the 
structure is orthorhombic. The x-ray powder photographs of 
the two compounds are however quite different, which shows that 
the unit cell parameters are not similar. 
The crystal habit is shown in Fig. 6.1 together with the 
axial system used to determine the tensors. Crystals grown from 
deuterium oxide were indistinguishable from crystals grown from 
water. 
6A.2 ESR Spectra 
Crystals became brown upon irradiation at room temperature. 
both in air and in vacuo. Crystals irradiated at 105°K and 
studied at 120°K gave the same results as crystals irradiated 
at room temperature, and there were only minor differences 
between the esr spectra of deuterated and undeuterated compounds. 
The esr spectra were generally complex,consisting of a 
large number of lines arising from at least four chemically 
different radicals and spread over 600G. The line positions 
were all very dependent upon the orientation of the crystal 
(b) 
(CJ 
FIG 6.2 THIOSEMICARBAZIOE. HCL 
B 
P•100mW 
T•2so·K 
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in the magnetic field and it was necessary to record spectra at 
one degree intervals in three planes to determine the nuclear 
hyperfine tensors. 
Figure 6.2 shows clearly three types of radical. At the 
magnetic field corresponding to the free spin g-value there is 
a single intense line, henceforth designated as arising from 
radical A. Centred about this point are a large number of 
narrow, closely spaced lines arising from radical D. These 
lines fade rapidly at room temperature and are clear at only a 
few orientations. This is shown in Fig. 6.2 where (a) and (b) 
were obtained at crystal orientations which differed by only 
six degrees. Most of the remaining lines arise from a stable 
species, designated c, although .there are several further 
lines in the area labelled B that arise from other species. 
These are seen more clearly in Fig. 6.2c where the lines due to 
C are less intense. Because lines arising from different 
radicals overlap so much, some difficulty was experienced in 
calculating the parameters of the Hamiltonian from the spectra. 
Radical D could be observed in only a few crystals and 
because of its lability no tensors could be calculated. It 
was not observed in crystals Y-irradiated in vacuo, although 
several days elapsed before the spectra of such crystals 
could be obtained, or in cryst~ls x-irradiated at 105°K. 
Radical C is characterised by a very broad spectrum of many 
lines and although some of these lines were always obscured 
by lines due to radicals A and B, at most orientations there 
remained enough well resolved lines for tensors to be 
calculated. 
Attempts were made to anneal the crystals by heating 
them in a stream of nitrogen and also by irradiating them with 
COl 
A 
I 100G 
P:2mW 
T :290.K 
FIG 6.3 Deuterated Thiosemicarbazide. HCl 
(0) before. (b) after annealing with uv·light 
A 
A 
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uv light from a mercury lamp, and by this means lines due to 
radicals B and D were reduced in intensity relative to the 
other lines (Fig. 6.3). A similar effect was noted when 
irradiated crystals were stored at room temperature for some 
months. The annealing process was accompanied by a fading of 
the brown colour. was noticeable that uv-irradiation was a 
much more efficient means of preferentially removing radical B 
than thermal annealing although very slow thermal annealing, 
achieved by keeping crystals at room temperature in the dark, 
was equally as effective. At higher temperatures all esr 
signals decreased irreversibly in intensity. 
The esr spectra changed markedly as the microwave power 
was varied (Fig. 6.4). At power levels of 0.2 roW where little 
saturation occurs, the spectra are dominated by the lines of 
A and B. The lines arising from species C only become clear 
when the microwave power is increased which affords a greater 
signal to noise ratio. Such lines do not alter significantly 
as the power level is raised whereas some of the central lines 
do broaden, as do the lines due to D. 
6A.3 Interpretation of ESR Spectra 
6A.3.1 Radical A 
The most intense line of .the esr spectrum in both 
deuterated and undeuterated crystals arises from a species that 
has no observable nuclear hyperfine splitting and which has a 
g-tensor with principal values of 2.002, 2.007, 2.018 (Table 
6.1). This line dominated all spectra at all microwave power 
. 0 levels from 0.2 roW to 200 mW and at all temperatures from 120 K 
to 430°K, and could not be removed by annealing except at 
temperatures above 320°K when the whole esr spectrum gradually 
disappeared. The linewidth is about 7-8G which is very broad 
P::0.2mW 
100G 
,_, 
I : 
I \ 
I \ 
~I 
' P::: 200mW 
P::1mW · 
· 2SG 
----.::: --' 
FIG 6.4 Power saturation tn 
{a) deuter~ted, (b). undeuterated 
Thiosemlcarbaz ide H Cl 
TABLE 6.1 
Thiosemicarbazide Hydrochloride 
Radical A 
Principal Valueb Direction Cosinesa 
2.0019 
2.0067 
2.0178 
0.941 
0.290 
0.171 
-0.334 
0.866 
0.373 
g-Tensor in laboratory coordinates 
2.0028 0.0022 
2.0077 
0.0019 
0.0037 
2.0159 
aWith respect to laboratory axes, abc 
bStandard deviation = 0.0006. 
-0.040 
-0.408 
0.912 
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for radicals with fairly isotropic g-values and this indicates 
that there may be unresolved nuclear hyperfine interactions. 
The linewidth does not vary significantly with orientation. 
Recent CND0/2 calculations for the SCNH2 radical,which 
take into account the sulphur d-orbitals,predict the unpaired 
electron to be in a cr orbital (154) with small anisotropic 
nuclear hyperfine splittings and a doublet splitting of about 
13G. Neither 33s nor 13c hyperfine splittings were detected 
but the average g-value for radical A is 2.008, which is 
reasonable for a radical in which the unpaired electron is in 
a a orbital on a carbon atom adjacent to a sulphur atom. Any 
nuclear hyperfine splitting must be less than 5G. 
6A.3.2 Radical B 
The lines labelled B in Fig. 6.2 are present in both 
deuterated and undeuterated crystals but are always weaker in 
the deuterated compound when compared with the intensity of 
radical A. Several lines are present in this region and only 
in the a-b plane was it possible tofollow their position as 
the orientation of the crystal was varied and even in this 
plane the relationship of the lines to one another was not 
clear. The g-value of the majpr lines, B1 , ranges from 
2.003 ± 0.002 to 2.044 ± 0.004 when the magnetic field is in 
the ab-plane and it seems probable that the species has a high 
unpaired spin density upon the sulphur atom. None of the lines 
appears to have resolved hyperfine splitting and when crystals 
were annealed by irradiating them with light from a mercury 
lamp the lines labelled B in Fig. 6.3 disappeared much more 
rapidly than the lines due to radical A. 
P:0.2mW 
L lOOG ..J 
FIG 6.5 THIOSEMICARBAZIOE. HCL 
(a) deuterated, (b) undeuterated 
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6A.3.3 Radical D 
The esr spectrum assigned as arising from radical D was 
observed only in spectra taken within a few hours of x-
irradiation at room temperature, and only at some orientations 
of the crystal in the magnetic field, namely when the magnetic 
field was along or near to the a-axis. No similar spectra 
W®r@ cb§erved in deuterated orystals but a short lived species 
with fewer hyperfine lines and a similar g-value was observed 
(Fig. 6. 5) • 
In the undeuterated crystals the esr spectrum of radical 
D was composed of at least 48 resolved lines approximately 
equally spaced, l.SG wide, and 3.0G-4.0G apart. Because these 
spectra were always superimposed on spectra due to other species 
it was not possible to accurately determine the relative 
intensities of such lines. The fact that the spectra were 
observable only at a few orientations indicates that lines 
overlap considerably. The observation that lines are approxim-
ately equally spaced with the same spacing at all orientations 
is not regarded as significant in view of the few orientations 
at which resolved lines were observed. It was not possible to 
determine the number of magnetically inequivalent D radicals in 
the unit cell but the overlap ~f lines at most orientations 
indicates that there were more than one and it is probable that 
there are four inequivalent sites in the general orientation 
as expected for the crystal symmetry. The g-value appeared to 
be reasonably isotropic at g = 2.003 ± 0.002. 
In crystals of deuterium substituted thiosemicarbazide 
deuterochloride no such species was observed, but a radical 
with an isotropic g-value of 2.003 ± 0.002 and a hyperfine 
structure which varied markedly with orientation was observed. 
The equality of the g-tensors and the similarity in stability 
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of the radical to radical D leaves little doubt that it is the 
deuterated equivalent of radical D. The maximum width of this 
spectrum is lOOG compared with about 170G for the undeuterated 
species. This width is greater than that observed for the 
radical produced in thiosemicarbazide but compares qhite well 
with the total width of the spectrum of ·NHNH3+ observed in 
semicarbazide hydrochloride (108). Radical D may be attributed 
to a species containing nitrogen and hydrogen nuclei which 
interact with an unpaired electron which probably resides 
primarily on a nitrogen atom. The isotropic g-factor shows 
that there is very little spin density on sulphur or chlorine 
atoms which have large spin-orbit coupling constants. If 
radical A is indeed SCNH2 , then radical D is likely to be the 
•NHNH3+ radical, similar to that observed in semicarbazide 
hydrochloride, although much less stable. 
6A.3.4 Radical C 
' The lines labelled C clearly arise from a species which 
interacts with a single nucleus with I = ~ since there are four 
equally intense, widely spaced groups of lines. Each of these 
lines is further split into five lines with relative 
intensities 1:2:3:2:1 which arises from a hyperfine interaction 
with two equivalent nuclei of nuclear spin, I = 1. 
It was originally thought that this spectrum arose from 
a species containing one chlorine and two equivalent nitrogen 
nuclei but all attempts to find lines due to 37c1 which has a 
natural abundance of 24.6% and which has a nuclear magnetic 
moment of 0.68330 nuclear magnetons, compared with 0.82091 
35 
nuclear magnetons for the Cl nucleus were unsuccessful. The 
expected weaker lines falling within the 35c1 spectrum were not 
present. The high g-value and the presence of weak lines just 
DPPH 
1 
, 100G 
FIG. 6. 6 Unirradiated. crystal of Thiosemicarbazrde. H Cl. 
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outside the main spectrum (Fig. 6.2) suggested that the I 3 = 2 
nucleus was copper and the subsequent observation of this 
species in unirradiated crystals (Fig. 6.6) confirmed that it 
is indeed a paramagnetic impurity. Copper has two naturally 
3 63 
occurring isotopes with I = 2 , Cu (~ = 2.2206 nuclear 
magnetons, 69.09% abundant) and 65cu (~ = 2.3790 nuclear 
magnetons, 30.91% abundant), which explains the weaker lines 
3 frequently observed at the low field end of the MI = - 2 
nuclear hyperfine line. The copper impurity is apparently 
introduced from the hydrochloric acid, and the ambiguity arose 
because preliminary checks showed no such signals in unirradiated 
crystals. Crystals prepared from one source of hydrochloric 
acid always showed the copper spectrum. The signals ,.of 
species A, B and D were not changed by the presence of the 
copper impurity. 
The quadrupole interaction was neglected in the analysis 
of the spectrum of C because although weak 'forbidden' 
transitions were observed at some orientations and although 
the hyperfine splitting was slightly different for different 
lines, the great sensitivity of the spectrum to orientation 
meant that further refinement was not justified. 'l'he nuclear 
Zeeman interaction is negligible, and tensors calculated with 
this term included in the Hamiltonian were not significantly 
different from tensors that were obtained by neglecting it. 
The calculated g- and nuclear hyperfine parameters are 
given in Table 6.2. There are four magnetically inequivalent 
species in the general orientation but this number reduces to 
one when the magnetic field is along the crystal axes and to 
two in any plane containing two of the crystal axes. This 
symmetry indicates that the crystal is orthorhombic and that 
TABLE 6.2 
bis(Thiosemicarbazide) Copper (II) Chloride 
Principal Valueb Direction Cosinea 
g 2.1561 0.852 
2.0545 -0.498 
2.0256 0.156 
181.1 0.881 
56.5 -0.374 
32.2 0.288 
aRelative to laboratory axes, abc. 
bstandard deviation_= 0.003 for g-tensor 
2.5G for A-tensor 
0.455 0.254 
0.563 0.659 
-0.688 0.707 
0.435 0.184 
0.402 0.834 
-0.804 0.518 
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the crystal axes are identical to the axes used to determine 
the tensors. The spectra obtained when the magnetic field was 
in the be-plane were less accurately analysed as the lines of 
the spectrum overlapped a great deal. This caused quite large 
errors in the direction cosines corresponding to the two smaller 
principal values of the g-tensor. For this reason the standard 
deviation of the calculated g-value is as high as 0.003. 
The results are in substantial agreement with those of 
Suntsov et al. (155) for powdered crystals of bis(thiosemi-. 
carbazide)nickel(ii) chloride doped with cupric ions. They 
obtained values of 
gil = 2.129 
Acu = 180G II 
N 
Aiso = 12G 
gl. = 2. 027 
Acu = 45G 
:.L 
from powder spectra, assuming axial symmetry. The tensors of 
Table 6.2 are not cylindrically symmetrical but in all other 
respects the results agree with the powder analysis to within 
experimental error. There is therefore no doubt that the 
spectrum is due to bis(thiosemicarbazide)copper(II} chloride. 
The parallel components 'of the g-tensor and the copper 
hyperfine tensor are in the same direction but the perpendicular 
components of the two tensors are in slightly different 
directions, with an angle between g and AC~ of 15°. This 
min · m~n 
difference is not regarded as highly significant in view of the 
experimental errors. Most studies of copper complexes with 
organic ligands have either assumed coincident principal axes 
of the g- and copper hyperfine tensors or have found them to 
be coincident (156,157). An exception is Copper(II) 
bis(n-butyldiselenocarbamate) (158,159) where the principal 
P:: o. 2m'-N 
SOG _j 
------
\ 
DPPH 
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axes of ~he parallel components were coincident but where the 
other principal axes of the g- and copper hyperfine tensors 
differed by an angle of 45°. No satisfactory explanation of 
this difference was advanced. Since the g-tensor reflects the 
symmetry of the excited electronic states as well as the ground 
state while the hyperfine interaction is dependent upon the 
dipolar interaction of the electron spin with the nuclear spin 
of the central copper atom, this difference in orientation may 
indicate a difference between the symmetries of the ground and 
excited electronic states. The lifting of the axial symmetry 
of the tensors is indicative of a difference in the copper-
nitrogen and copper-sulphur bonds. 
B THIOSEMICARBAZIDE HYDROBROMIDE 
Crystals of thiosemicarbazide hydrobromide were very 
similar to crystals of the hydrochloride as were x-ray powder 
photographs of the two, although the separation of the powder 
lines was slightly greater in the hydrochloride indicating 
that the crystal axes were slightly shorter. This is consis-
tent with results obtained for $imilar systems (160,161,162) 
where axes of the bromine analogue are normally about 2% 
longer than axes of the chlorine analogue. 
Upon x-irradiation at room temperature, crystals became 
brown, but the esr spectrum consisted of several weak, broad 
and poorly resolved lines (Fig. 6.7} centred at g- 2.00' which 
could not be satisfactorily analysed but which did not appear 
to be the same as the lines observed in the hydrochloride. 
P:0.2mW 
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FIG 6.8 Semi carbazide H Br. 
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C SEMICARBAZIDE HYDROBROMIDE 
Crystals of semicarbazide hydrobromide are long and 
needle-like whereas those of the hydrochloride are broader and 
well suited to esr studies. Semicarbazide hydrobromide is 
orthorhombic (167) and isomorphous with the hydrochloride so 
that two magnetically inequivalent radicals are expected when 
the magnetic field is in a plane containing two of the crystal 
axes. 
• Upon x-irradiation at room temperature crystals gave an 
esr spectrum which consisted of a single broad line centred at 
g - 2.004 ± 0.002. The width of this line varied from 50G to 
at least 160G as the orientation of the crystal in the magnetic 
field was altered, but no resolved structure was observed at any 
orientation (Fig. 6.8}, even at 120°K. The great variation in 
linewidth, which is similar to the variation of the total width 
of the spectrum observed for semicarbazide hydrochloride, 
indicates that there are several anisotropic nuclear hyperfine 
interactions. It is probable that the radical is similar to 
that produced in the hydrochloride although individual lines 
of the spectrum appear to be broader in the hydrobromide which 
suggests that the halide ion may be involved in the spin-
relaxation mechanism. 
D 3-PHENYL THIOSEMICARBAZIDE 
Crystals of 3-phenyl thiosemicarbazide upon x-irradiation 
at room temperature gave esr spectra (Fig. 6.9) that were 
symmetrical about their centres at most orientations. In some 
orientations well resolved lines were observed but it was not 
possible to follow the variation in line positions over a 
(a) 
(b) 
(C) 
(d) 
P:0.2mW 
T :290.K 
I 10G 
25G 
F-IG 6.9 3-PHENYL THIOSEMICARBAZIDE 
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complete rotation of the crystal about an axis. Crystals were 
thin plates shaped similarly to crystals of thiosemicarbazide 
hydrochloride (Fig. 6.1). Axes were assigned in a similar 
manner. 
The g-value approximately isotropic and near g - 2.003. 
In several orientations three broad lines of equal intensity 
are observed with a maximum spacing of about 28G. The spectrum 
also reduces to a single broad line which shows that this 
triplet spacing is very anisotropic. It appears probable that 
the triplet arises from a nitrogen atom upon which the unpaired 
electron is located as in the radical observed in thiosemi-
carbazide. The triplet splitting is the only large hyperfine 
splitting observed at any orientation and although in many 
orientations further splittings are observed, these are always 
less than 14G. This clearly indicates that the radical has no 
alpha hydrogen since this would have a maximum hyperfine split~ 
ting of at least 20G and probably nearer 30G. It seems from 
these results that the radical is 
with the unpaired electron in a TI-orbital oh the nitrogen atom, 
N3 • This radical is similar to the radical observed in thio-
semicarbazide. The spectrum is complicated by the presence of 
two magnetically inequivalent radicals at most orientations. 
These are clearly shown in Fig. 6.9d. No significant gain in 
resolution waa apparent when spectra were obtained at 120°K. 
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E CARBAZIDE 
Crystals of carbazide became white and opaque upon x-
irradiation at room temperature and gave orientation dependent 
esr signals, which were not very stable. It seems likely that 
crystals are mechanically damaged by irradiation. In many 
cases there were no esr signals in freshly irradiated crystals 
< 
and in others the signals were suddenly lost, sometimes being 
replaced by weak powderlike isotropic signals (Fig. 6.10e). 
It is concluded that the irradiated crystals are susceptible 
to mechanical shock which causes loss of the crystalline order. 
In spite of this peculiarity many normal spectra were obtained. 
These were generally complex and often symmetric about the 
centre of the spectrum which was at g ~ 2.003 ± 0.003. Two 
doublets were clear at some orientations (Fig. 6.10d), one with 
a hyperfine spacing of about 27G and one about 7G. A triplet 
of equally intense lines about l2G apart was sometimes observed 
{Fig. 6.10b) and in other orientations three equally intense 
lines about 5G apart were to be seen at the ends of the spectrum 
(Fig. 6.10a). 
During the course of this project, results were 
published describing the formation of triplet species in 
carbazide irradiated at 77°K (~09). A singlet species was 
observed which is apparently the same as that observed upon 
room temperature irradiation, although the spectrum could not 
be fully analysed. These published results and the results 
obtained here both indicate the formation of NH2NHCONHNH· 
radicals which have the unpaired electron in a TI-orbital on a 
terminal nitrogen atom. 
P=D.2rnw 
FIG 6.11 Thiocarbazide 
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The maximum width of the spectrum is ll4G and there are 
at least twelve distinct lines apparent although these are not 
of equal intensity. Simulation of these lines gave an approx-
imate intensity ratio of 1:2:3:3:4:5:5:4:3:3:2:1 which is 
consistent with interactions of two nitrogen and two hydrogen 
nuclei. The maximum width is consistent with that expected 
for the assigned radical. 
F THIOCARBAZIDE 
Large crystals of thiocarbazide could not be grown but 
x-irradiation of small crystals showed the presence of 
orientation dependent esr signals (Fig. 6.11) that must arise 
from at least two species, neither of which seems to be a 
nitrogen radical. The most intense signal is a singlet near 
g - 2.00 although two sites are apparent as predicted for the 
space group P21/c (122}. Crystals become green upon 
irradiation. 
G THIOCARBAZIDE HYDROCHLORIDE 
Large crystals of this compound (168) showed no evidence 
of damage upon x-irradiation at room temperature. The presence 
of molecules of water of crystallisation is likely to lead to 
rapid decay of radicals by intermolecular transfer of hydrogen. 
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C H A P T E R 7 
SUMMARY OF RESULTS AND CONCLUSIONS 
As was discussed in section 1.4, the intention of this 
project was to study the effect of ionising radiation upon 
unsaturated carbon-sulphur bonds with a view to determining the 
structure of radicals produced and the reaction sequence leading 
to their formation, and also to clarify the structures of 
nitrogen centred radicals. 
From the general sequence of events in irradiated organic 
compounds (section 1.1) it is known that the primary products 
of irradiation will be cations and anions formed by loss or 
gain of an electron by the irradiated molecule. Both of these 
species have been observed in irradiated thioureas (7) but 
were found to decay at temperatures below 77°K. The analogous 
species were therefore not expected to be observed at the 
temperatures available for this project, except perhaps in the 
case of sodium diethyldithiocarbamate where the unpaired 
electron might be delocalised over the SSCN group, which would 
stabilise the radicals. Indeed no such species were observed 
in thioacetamide or thiosemicarbazide crystals or in any of 
their derivatives. Reiss and Gordy (109) found no evidence of 
ionic species in carbazide crystals Y-irradiated and observed 
at 77°K, although they did observe radical pairs. Signals 
attributed to ionic species have been observed in 0-methyl-
isouronium chloride, [CH30C(NH2}2 ]cl (107), at 77°K but not in 
urea (105}. The acetamide an.ion, formed in irradiated glasses, 
was found to be stable at temperatures as high as 180°K (85). 
This has an unpaired spin density of 0.23 on the oxygen atom 
and of 0.69 on the central carbon atom and there are well 
resolved hyperfine interactions with the methyl protons. In 
general sulphur compounds have more delocalised molecular 
orbitals than do the comparable oxygen compounds (163, page 
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406) and for this reason ionic species are expected to be more 
stable. It appears however that they decay at temperatures 
below 110°K even in compounds with molecular orbitals extending 
over four atoms, as in thiosemicarbazide. 
In irradiated organic sulphur compounds where ionic 
radicals have been observed, the relative stabilities of the 
cation and the anion vary, depending upon the orbital in which 
the unpaired electron is located. In disulphides the anion 
is generally stabler (3, 8, 29) whereas only the cation was 
observed in DL-methionine (132} • 
The results for sodium diethyldithiocarbamate irradiated 
at l05°K suggest that a radical is formed by loss of an 
electron from a non-bonding sp2-hybridised orbital on one of 
the sulphur atoms. This species, labelled B in Table 4.4, has 
no observable nuclear hyperfine structure and the principal 
values of the g-tensor are in accord with those anticipated 
for such a structure. Another, slightly stabler species is 
formed at the same time. The very great anisotropy of the g-
value for this species, labelled A in Table 4.4, indicates 
that the nearest excited electronic level is unusually close to 
the ground state electronic level, but the lack of axial 
symmetry shows that the two levels are not degenerate. 
The electronic spectrum of the parent molecule shows that 
the lowest energy electronic transition is n + TI* at 29000 cm-l 
and that there are two TI + TI* transitions corresponding to 
-1 -1 
absorptions at about 35000 em and 40000 em These latter 
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transitions are located mainly on the CSS group, (141,169) ~ 
These assignments indicate that the unpaired electron will be 
in a non-bonding orbital for the electron deficient radical and 
in a IT* orbital for the radical containing an additional 
electron. 
The hyperfine interaction of radical A can only be 
accounted for by assuming that a hydrogen atom has attached to 
one of the sulphur atoms. Attachment to the carbon atom would 
result in a greater distortion from the symmetry of the 
undamaged molecule than is observed. The isotropy of the 
hyperfine coupling indicates that the unpaired electron is 
located in an orbital centred on the other sulphur atom and 
not close to the hydrogen atom. It is possible that this species 
is formed by transfer of a hydrogen ion from a water molecule 
to the primary anion. If this is the case then irradiation at 
lower temperatures should result in observation of the primary 
anion. These processes are described by the reaction sequence: 
s, ·S ~c /c - NR .---7 - NR + e 2 
s/ 2 s 
(1) 
[radical B] 
•S *S 
"'-c "-.. 
- NR + e ~ c - NR 
s/ 2 s/ 2 
(2) 
s s~ 
"'-c 
- NR + - NR e ----?- c 
s/ 2 -/ 2 s 
(3) 
s"-. 
- NR H+ ----7-
HS~ 
- NR 
- /c 2 + - /c 2 
·S •S 
{ 4) 
[radical A?] 
85 
The species formed upon low temperature irradiation must 
decay by recombination, since no new species were observed as 
the temperature was raised. 
A radical has been observed in chloroform solutions of 
Cr(II) and Ag(II) diethyldithiocarbamate complexes (170,171). 
Both cations are unstable and apparently reduce the ligand. 
The radical has a g-value of 2.040 and there is a hyperfine 
splitting of 12.5G, or ll.6G depending upon which cation is 
present, due to one nitrogen atom. The radical has been 
assigned as (CH3) 2NCSS· although it is more likely to be 
(C 2H5 ) 2Ncss7, formed by addition of an electron to the anion. 
This must be formed in analogous manner to reaction (3) above. 
The radicals formed upon room temperature irradiation 
all appear to have the unpaired .electron on a sulphur atom, 
except for radical E which is probably 
In studies of irradiated amines it has been observed that a 
hydrogen is generally lost from a carbon atom adjacent to the 
nitrogen atom (45,106), and the small nitrogen hyperfine 
coupling supports this assignm~nt. The isotropic hyperfine 
coupling of the alpha hydrogen is unexplained. Possible modes 
of formation are: 
or 
- NR 2 + (5) 
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+ H• (6) 
Formation of cs2 and •N(CH2cH3) 2 is not expected because of 
the high double bond character of the carbon-nitrogen bond, 
and these species were not observed. 
The other radicals are not satisfactorily explained and 
it is difficult to account for the orientations of the 
principal axes of the g-tensor. Many of the weak lines could 
have a similar origin to those observed by Hahn and Rexroad 
(25) in irradiated crystals of mercaptosuccinic acid. These 
appeared to follow the lines due to the thiol radical and to 
be about one quarter to one sixth as intense as these lines, 
but no explanation could be found for them. Radical c, the 
major radical, (Table 4.~, is probably a thiol radical with the 
unpaired electron in a sulphur p-orbital. It appears that at 
least one carbon-sulphur bond direction has changed 
orientation considerably and it is likely that the carbon atom 
has assumed a tetrahedral configuration following attachment 
of another species, to form a radical like: 
Irradiation of thiosemicarbazide results in the formation 
of an RNH· rr-radical of which few examples have been observed 
in single crystals, although several have been hypothesised. 
Normally such radicals, if formed in the presence of carbon-
hydrogen bonds, rapidly abstract a hydrogen atom from the 
carbon atom, with the production of an alkyl radical (71) • In 
such systems low temperatures are required to stabilise the 
Urea 
Thiourea 
·--·-
------
Thiosemicarbazide 
Semicarbazide.HCl 
Thiocarbazide 
Carbazide 
Thiocarbazide.2HC1 
Acetamide 
Thioacetamide 
Single bond 
Double bond 
c-o 
1.262 
1.238 
TABLE 7.1 
0 Crystallographic Bond Lengths (A) 
c-s C-N a 1 
1.335 
1.713. 1.329 
1.707 1.316 
1.311 
C-N a 2 
1. 3.26 
1.382 
1.724 1.315,1.335 
1.242 1.349 
1.645 1.363 
1.250,1.271 1.351,1.317 
1.710 1.324 
1.42 1.81 1.48 
1.20 l. 60 1.24 
N2-N3a ref. 
177 
175 
1.411 143 
1.411 153 
1.405 122 
1.416 176 
1.418 168 
174 
134 
1.46 163 
163 
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nitrogen radicals (172). The semicarbazide series of compounds 
have no carbon-hydrogen bonds and are therefore ideal for 
stabilising nitrogen radicals of this type. 
There is, however, a remarkable lack of uniformity in 
the products of irradiated semicarbazides. Semicarbazide 
hydrochloride (108) forms the ·NHNH3+ radical as apparently does 
the hydrobromide. Thiosemicarbazide hydrochloride appears to 
form a similar radical which is however, less stable. 
Thiosemicarbazide loses a hydrogen atom, as does carbazide, to 
produce a RNHNH· radical and 3-phenyl thiosemicarbazide forms 
a similar radical. Thiocarbazide forms no such stable radical, 
although the NH2NHCS a-radical may be formed, and thiocarbazide 
hydrochloride forms no stable radicals at all. Nitrogen 
radicals have been observed in urea (105) at 77°K and possibly 
in thiourea (154). 
Such differences can however by explained in terms of 
differences in bond strengths. Crystal structures have been 
determined for many of these compounds. Some of the bond 
lengths are tabulated in Table 7.1. 
Comparison of the bond lengths in thiocarbazide and in 
thiocarbazide hydrochloride shows that the cation has a 
shorter carbon-sulphur bond and longer carbon-nitrogen bonds, 
indicating less delocalisation of the double bond. The C-N2 
bond in semicarbazide hydrochloride is much longer than the 
comparable bond for other compounds. The weakness of this 
bond is consistent with its clea~age upon irradiation. The 
equivalent bond i~ thiosemicarba~ide hydrochloride is similarly 
expected to be much weaker than in thiosemi9arbazide. This 
conclusion is in agreement with the assignment of the species 
formed upon irradiation of the hydrochloride, to the radicals 
formed by cleavage of the C-N2 bond. Cleavage of the C-N1 
bond in these compounds is unlikely to occur because of its 
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greater bond strength, when compared with that of the C-N2 
bond. Thus the esr and crystallographic results are entirely 
consistent with one another. 
It is only in recent years that hydrogen atoms have been 
located by x-ray crystallographic methods and some of the 
published results may not be very accurate. Published 
0 
nitrogen-hydrogen bond lengths range from 0.83A to well over 
0 l.OA. For thiosemicarbazide (143} the NH bond lengths are given 
below. 
s 
H11 ~H31 ~eM egA 
foN1 
c N2 N3 
S6A o.s3A ~6A· 
H,2 H32 
H 
21 
The relative bond ~engths are quite accurate although the 
0 
absolute values may be in error by as much as 0.08A. It is 
seen that the N2H21 bond is strongest and that there is a slight 
difference between the bond lengths of the terminal nitrogen-
hydrogen bonds. These results indicate the radical formed upon 
irradiation is determined by the bond strengths in the molecule. 
Although accurate bond dissociation energies are known for 
only a few organic nitrogen compounds (47,48} it is generally 
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observed that the nitrogen-hydrogen single bond dissociation 
energy is higher than that of the carbon-nitrogen single bond 
which is in turn higher than the bond dissociation energy of 
the nitrogen-nitrogen single bond. Thus the energetically 
favoured irradiation process is exp~cted to be cleavage of the 
nitrogen-nitrogen bond. No examples of this have been reported 
and even in hydrazine, where the bond dissociation energies 
differ by 5 kJ.mole-1 , the NH2NH· radical is produced (173) 
rather than •NH2 radicals. It is likely that ·NH2 radicals and 
NH2CONH· radicals would rapidly abstract hydrogen from a 
terminal nitrogen of the parent molecule to produce the 
observed products. On the other hand cleavage of a carbon-
nitrogen bond is likely to produce two reasonably stable 
species: ·NHNH2 and NH 2CO·. The rapid decay of NH2CO• in 
semicarbazide hydrochloride is surprising in view of its 
observed stability in other systems (86, 105, 133). 
A possible s.cheme for radiation damage in these systems 
is: 
( 7) 
(8) 
(9) 
The observed species may be formed from each of these 
precursors. 
NBfSNHNH' + H+ (10) 
(11) 
(12) 
NH2CSNHNH2 (13) 
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(14) 
(15) 
In each case the alternative radical, ·NHCSNHNH2 , could be 
formed in the same way. Since cleavage of a nitrogen-nitrogen 
bond has never been observed upon irradiation, reaction (13) 
appears to be a less probable mode of formation of nitrogen 
radicals. Reactions analogous to (10)-(12) are unlikely to 
occur in the hydrochloride because of the presence the 
additional proton on the terminal nitrogen atom but reaction 
(13), involving loss of ammonia is more probable. 
It appears however that an alternative sequence of 
reactions becomes important for the hydrochlorides. The 
cationic radical is much more likely to recombine with 
electrons as it is formally doubly charged. 
NH2CSNHNH3++ + e ---+ [NH2CSNHNH3+]* 
[NH CSNHNH +]* 2 3 ____,.. NH2cs. + •NHNH3+ 
[NH2CSNHNH3+]- ----:>- NH2cs + NHNH + • 3 
[NH2CSNHNH3+]- ----? Nf! 2CS• + NHNH3 
NHNH3 NH2NH2 
NH2cs 
____,.. NCS + H2 
The presence + a stable •NHNH3 radical in semicarbazide 
hydrochloride indicates that reactions (17) or (18} are 
(16) 
(17) 
(18) 
(19) 
( 20) 
(21) 
important, and since NH2CO·, which is known to be quite stable, 
is not observed reaction (18} followed by rapid decay of 
NH 2co- seems more probable. In thiosemicarbazide hydrochloride, 
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on the other hand, the NHNH 3+ radical is unstable and probably 
decays either by recombination or by capturing an electron to 
form hydrazine, 
NH 2CS + ·NHNH3 + ---:;.. 
• NHNH3 + + e ----? 
(22) 
(23) 
This is again consistent with radical formation by way of 
reaction (18) rather than (17) which produces two quite stable 
species which are likely to decay at a similar rate. 
It therefore seems likely that decay of the anion leads 
to the observed radicals in the hydrochlorides while decay of 
the cation or of the electronically excited molecule leads to 
the observed radicals in the normal semicarbazides. 
In thioacetamide no ionic species were observed. At low 
temperatures it seems likely that the •CH2CSNH2 radical is 
produced but this decays by recombination at temperatures below 
room temperature possibly to form other species which become 
subject to further radiation damage. 
The results of this project show that compounds 
containing unsaturated carbon-sulphur bonds are very resistant 
to permanent radiation damage; probably because simple 
recombination of the primary cations and anions is the favoured 
mode of decay. An exception to this rule occurs when the 
molecule can lose a hydrogen atom from an atom not adjacent to 
the thiocarbonyl group; thus large molecules are more likely 
to form stable radicals upon irradiation than are small molecules 
like thiourea or thioacetamide. The primary ions decay below 
120°K and even in sodium diethyldithiocarbamate where a cation 
was observed, the primary anion has apparently undergone further 
reaction at temperatures below l20°K; and irradiation at room 
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temperature destroys the planarity and theTI~tructure of the 
molecule. Lower temperatures are therefore required to study 
the primary ions in unsaturated carbon-sulphur systems. Because 
of the difficulty in assigning structures to species where the 
unpaired electro·n is located on a sulphur atom it would be 
desirable to perform experiments on such compounds enriched 
with 33s and 13c. This should enable a more accurate estimate 
of the distribution of the unpaired electron in the radical 
than can be obtained from the g-value. 
These studies have confirmed theories about the nature of 
nitrogen TI-radicals. The radical observed in thiosemicarbazide 
is only the second radical of this type for which a complete 
set of tensors have been evaluated, and the radical is found 
to be substantially different from the other, which is NHNH3+. 
Radiation mechanisms have been deduced for the production of 
the observed radicals, based largely upon circumstantial 
evidence. Additional experiments at lower temperatures or 
product analysis of irradiated crystals are required to check 
these deductions. 
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APPENDIX 1 
A. The g tensor 
Consider a system of three orthogonal axes defined with 
respect to crystal faces. Let the unit vector along the 
magnetic field be ~ = (~,m,n) in this laboratory axis system 
(187-189). 
Since g is symmetric the value of g 2 along ~is given by 
- - -
= yt•T·~ 
=2 
where T is the symmetric tensor g . It is possible to define 
(~,m,n) in terms of two independent angles, 6 and ~ 
the diagram below. 
z 
- -----------;,7}( 
tl 
-H ~ 
n 
m 
' I 
.... 
'-..., I 
'' , I 
-..,;._ I I 
· · ' .... tv _______ ... , 
X 
where ~ = sine cos~ 
m = sine sin~ 
n = cos e 
Thus: 
ined in 
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An exactly analogous equation may be used to calculate the 
elements of the square of the nuclear hyperfine tensor, A, if it 
is taken to be symmetric (173). 
A least squares optimisation of the T .. is performed and 
~J 
the T matrix is then diagonalised to yield principal values and 
axes. The principal values of the g tensor are the square roots 
of these principal values and the directions of the principal 
axes are the same for the g and T tensors. The g tensor may 
then be regenerated from the diagonal matrix and the matrix 
containing the direction cosines of the principal axes with 
respect to the laboratory axes. 
B. Correction for Anisotropy of ~ 
For the first order calculation of the hyperfine tensors, 
A, associated with each nucleus it is assumed that g is 
isotropic. The anisotropy of g causes the average direction of 
the aligned electron spin to differ from H. The direction of 
the field effective on the nucleus in the case when the nuclear 
Zeeman term is negligible is given by: 
l( g 'kA. ·] ~ = M I J ~J n u. m . 'k g k ~ ~J 
where: M is the eigenvalue of the projection Us.S along the 
axis of quantisation of the electron spin operator, 
nk is the direction cosine between H and the unit.·vector 
Uk along the kth axis of an arbitrary Cartesian set 
3 3 
g = . !I < I giknk) 2}\ 
J=l k=l ..) 
95 
Thus the observed splitting between two hyperfine lines, 
d, is given by: 
2 - = = -
where gexpt = n.g.g.n. 
- = =2 = -
= n.g.A .g.n 
_.2 
gexpt 
vJhen the elements of the g tensor are known, this equation is 
=2 
used to determine the elements of A by a linear least squares 
fitting procedure. For thiosemicarbazide the effect was 
observed to change the elements of the hyperfine splitting 
tensor by about O.OlG. These calculations were performed by 
the computer program FOE. 
Derivation of First Order ESR Tensors 
(FOE) 
Purpose: This program calculates the first order g- and 
hyperfine tensors of radicals in single c~ystals. 
Contents: The main program, FOE, and subroutines DIAG, MATINV, 
and EIGEN. 
Library Routines Used: SQRT, ABS, SIN, COS. 
Language: IBM System/360 Fortran IV (BCD). 
Jl.1cthod: This program uses input hyperf inc splitting and 
orientation,or magnetic field, microwave frequency and 
orientation to determine the hyperfine or g-tensor by a linear 
least squares method. The tensor is then diagonalised to yield 
principal values and their direction cosines. 
E h b t . · · ht d b the factor g-n or A-n '·ac o serva J.on J.S weJ.g e y 
where n an input integer. For the g-tensor, the magnetic 
field at the centre of the spectrum is given as input and g is 
given by: 
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where n is the unit vector along the magnetic field. For the 
A-tensor the calculation is the same to a ~irst approximation 
but if the effect of anisotropy in the g-tensor is included 
the observed splitting, d, is given by: 
Input: 
Fortran 
Card No. Columns Symbol Format Contents 
1 1-72 TITLE 18A4 Title of Calculation 
2 1 INDEX Il =l.for g-tensor 
=2 for A-tensor 
2 IWGHT Il =0, no weighting 
2 -n 
=n, g is weighted by g 
If INDEX = 2, the effect of anisotropy of the g-value may be 
incorporated into the calculation of the hyperfine tensor. 
2A 1 I INDEX Il =2 if the anisotropic g-
value is to be included 
=1 otherwise. 
If IINDEX = 2, 
2B 
If INDEX = 
1-10 GINPUT(l) Fl0.4 gll or All 
11-20 GINPUT(2) 
21-30 GINPUT(3) 
31-40 GINPUT(4) 
41-50 GINPUT(5) 
51-60 GINPUT(6) 
II 
II 
II 
ll 
II 
gl2 or Al2 
gl3 or Al3 
g22 or A22 
9 23 or A23 
g33 or A33 
Cards 2A and 2B are omitted. 
If IINDEX = 1, Card 2B is omitted. 
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Fortran 
Card No. Columns Symbol Format Contents 
3 1 IFILE Il blank 
2-10 H (I) F9.3 If INDEX = 1, H is the 
magnetic field, in gauss. 
If INDEX = 2, H is the 
measured hyperfine splitting, 
in gauss. 
11-20 SHI (I) Fl0.3 the azimuthal angle, ¢ , in 
degrees. 
21-30 SHETA (I) Fl0.3 the polar angle, 8 , in 
degrees. 
31-40 FR(I) FlO.S the microwave frequency, in 
MHz. 
There is one card of type 3 for each orientation. End of data 
is signified by a 1 in column 1. 
Output: 
(1) Title of calculation. 
(2) Type of tensor, g or A. 
(3) The tensor, T, to be diagonalised. 
(4) The input data and the best fit value of A or g. 
(5) The diagonalised T tensor. 
(6) The direction cosines, stored row-wise. 
(7) The principal values. 
(8) The A or g tensor in laboratory coordinates. 
(9) The isotropic and anisotropic components of A. 
(10) The standard deviation in A t or g t 
exp exp • 
Capacity: The capacity is limited only by the DIMENSION 
statements which are at present set to deal with a maximum of 
250 observations. 
Limitations: The program calculates only the first order A-
tensor. 
c 
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., S Ft! 1\T( '0', 'T_iJS :JR. DIAGOi\lALISI1\lG') 17 FJ f:i;'\T (I 0 I' I G-TE SCJR i) 
L. F J ~ H.t\ T ( 1 J ' ' 2 l X ' I - I y I 1/ I I ' ' \'! :=: I G H T I ~~ G F 11, c T 0 I s G I ) 
2 r C' i~ :'•1 t\ r ( ' o ' , 3 x , • A ' , 9 x , ' 1\ c i\ L c ' , s x , ' o I F F ' , x , ' PH I ' , L x , ' T H t: T t::, ' , ox , 
.1 I H' ) 
23 I p /IT( I. I t3(F1~.4?~.0Xl) 
2 (, I ' l i 1 ~' t\ T ( I j , f- <:> :~. , :' F 1 n ~ , F i :j ~' ) ~: 7 ~· ' ' 1•: !; T ( I 0 i ~ I (~l ~ a ~ n i - ~ ' ... 
22? F Y: T(l~) 
A 0 c ~ l-l . !\ T ( i 0 ' , 8 0 ( I :(< I ) ) (: '' 'r F · 1.; AT ( 1 0 1 1 E R R DR HJ ~'\.1\T R I X I NV E R S 1 Oi'~ 1 l 
·n:. r-~;:.;;.,;\T(JJj l 
9 ::. 2 F (I? i\ T ( I 0 I 1 l 8 (\ ,, ) 
q13 fJR ~T(6Fl0.~} 
c 
c 
96 k_A 15,~ll,EN 
: ! .{ T F ( b , '-l ; ,:: ) 
' - ( 5· 2 l I i'-1 
r~ ( \; D x - l l ;~ 
2:i hr:IT[( ,l7l 
9!) (TITLi::(Il;l=ld8) 
TITL (ll,I ldLl 
X, HIGHT 
,z9,;~P 
Ji 1'( tl7) 
r · · >'\ c; 1 'i , • J 1 :::. J r 1 r J , r "' !. , 6 l 
I ' 1 F ( 6 , 2 3 ) ( ). ) , c; L'!? U T ( 2 ) , G I f\1 PUT ( 3 ) 
,, ITC:( ,23) (:2),GI 1'!PUT(It) 1 G1i~PUT(5) 
'.<R1T:=( ,23} GL\l ()) t;P:PUT(5J,GP.JPUT(6) 
r; 2 ( ·' ) = ::; I \j PUT ( 1 ) >:< ':' + G I PUT ( ? l '; >:< 2 + G H l P U T ( 3 ) ,;, '<: 
L2(2) GI~PUT(l)*G NP 121+GINPUT(21*GINPUT(LJ+GINPlJT(3J*GlNPUT(5) 
t 2 ( :3 l G T \l PUT ( 1 ) ':' (":, i'l P T ( 3 ) + G H.; P U T ( ? ) >:" G I i\l P U T ( 5 l + G I N P U T ( 3 l 'H.:, F~ PUT ( 6 J 
i , 2 ( 1.,. J = c; I \J P U T ( 2 l >:: ~' 2 + G P U r ( ': l t. ,~ 2 + G I i'J PUT ( 5 ) ,:, '~ 2 
; :. ;.. ( l = 1:; l \I PUT·( z: J ~< G I ~j P l JT ( ·:, l + G H! PUT ( t,. l >:< G T i\1 PUT ( '-i ) + G I N PUT ( ~~ l >:• G I f~ P U7 ( 6 l 
r:, 2 I b l = G l \J PUT ( 3 ) ,~ >J;: 2 + G If'! P U T ( 5 l ,: .. >:< 2 + G Hl P U T ( 6 ) ':":' 2 
8 ~ i= c 
c 
C I ,E.i\ D U! PUT D AT 1\ , C t\ L C U L T E G 2 0 R. 1\? /li\JD C Ci E F F l C l E i'H S 
c 
1 ... 
r t. 1\ :r 1 ':l , s J I r: r L F , H 1 T l 
1 F ( :-: ! i F: T ( I l • 0 • () J • U ) 
l ~- ( S li I ( I l . [ C~ • l) 0 • 0 l S 
1 I+ l 
i: '\+). 
•r(lFTLi:) l' ,, 
, .. .'1. >';. ' ... L. - 'J ~\., 1' ).. -
.L j l i :.: ' ·i - ~l 
fUTL( ,27) i'l 
'-:N~\1 :-.J 
F 'l '·1 S !l ? T { E hi :-.l ) 
C, D H, ( lfl , l -1 ) , I f\l DE X 
l8 ,iRlTF( ,:;) 
1
-) C'J 2 .~ I l , ~J 
Slit (I) ,SHI::T/1.( I ) 1 FP.( I) 
HI( I l=SHI( I )+2.5 
Hd I ):::~,HETA (I l +7. 2 
C(7,l)=F~(Il .7144g/H( Il 
2.: C(7,I)=C(7,I} C(7 1 I) 
r;[) TG q100 
1 ·) I T E ( h v 2 2 ) 
9 9 2 : I "" !. , ;\I 
99~1 7 1 l)=H(I)~<H(l) 
9900 tiT li'Wt: 
12 {=1 ,:'-J 
I( I l=SHI( I l/574:2q372 
HH-Tt~( I l=SHETA( I J/::7.2q57H (' ( .; , l l = S I \1 ( T H::: T f, ( I ) ) :~ >:< 2 
L ( (. 1 I J 2 • 0 ·:~ S W ( T HE T l\ ( I l l '" C CJ S ( T HE T J' .. ( I l ) 
\ . ( ~~ , I ) = C 0 S ( P H I ( T I ) ,;, C ( 2 , I ) 
C.(L,I)=SIN!PHl(I 11**2 C(l, Il 
L(57Il SIN(PHl(I))~:c(?,Il 
C ( , I l CD S ( I H E T A ( I l l '~ ,:, ? 
C( ,Il z.o':'SIN(PHI(Ill'~CCJS(PHI(I))':'C(l,Il 
C ( , , I J = C 0 S ( P H I ( I ) l ':":' 2 ~' C ( l , I ) 
r F ( I \~lEX • [ ;;) • ll G 0 T 0 l2 
JF(Il OEX.EO.ll GO TO 12 
C C~ UT EFFECT OF ANISOTROPY OF G 
c 
2 ( L l + C ( t~ , I ) '~ G 2 ( 2 ) + C ( 3 1 I l * G 2 ( 3 ) + C ( 4 1 I l ~' G 2. ( lr l + C ( 5 , ( 6) 
flS(PHf(Ill 
IN ( P~l I I Ill 
( l'!ITL~LIL ;'~-\AHUX td', F\Jt<. LEAST SQUARES PR CEDURE 
')?f) 
c 
c 
i_, 
c 
p·! ) :~ L = 7. , 4 :t 
~~.l(L)=('.D ' 
S l · T 1.1 P i1'1 A T R I X A I'\ F 0 P. L f-'1 S T S QUA R E S P R 0 C c D U R E 
C l~V~RT MATRIX AM 
' ~~ 
c 
c 
43 
8 l 
C LCULATE BEST FIT G2 DR A2,ST DARD DtVIATIO\l Ihl G ClR A 
l i ') I = 1. , ~~ 
:. C i~ L C { I l C ( l , I l >:: A ( 7 ) + C ( 2 , I ) ,;, AM ( 2 ) + C ( 3 1 I ) '·' A i' I ( 3 l + C ( 4 , I ) ::' A ~~~ ( 4 l + ,: ( 5 J. , ~· l /, l"i ( '::0 ) + C ( 6 , I ) Y.< A i'11 ( 6 ) 
C(7,I)= SQRT(C(7dl) 
C~ Ci\LC (I) :SCJRT ( A3S ( G2Ci\LC (I) l) 
tJ ~ F FE'< ( I l = !\ R S ( .A R S ( C ( 7 r I } } -/~ B S ( G 2C t\ L C { I ) } l 
S:DD::v STDOEV+ FFEF( I )~<>):2 
If(lNDEX.EQ.l) TOlL 
i'; ;. I T f: ( h , 4 ) C ( 7 1 1 1 2 C r-.. L C ( I l , D I F F C k ( I ) , S HI ( I ) , SHE T A ( I ) 1 H ( I ) 
TO 1l5 
1 ~· I T i- ( 6 v 4- ) C ( 7 , I ) , G 2 CALC ( I l , D I F FER ( I ) , S H I { I ) , S H t T A ( I l , H ( I l , F R ( 1 l 
L 2 5 ~~ \i T I '.J U :::: 
h:f ITE(6 1 l6l 
~,· F I F ( 6 I 2 3 } ( 7 ) ? t\ ( 2 ) 1 [; H ( 3 ) 
vi F. J T E ( , 2 3 ) ( 2 ) ~ ( 4 ) 1 A i'l ( S ) 
~~ I T f:: ( f:, 1 2 3 ) ( 3 ) , 6. iv! ( 5 ) , /J.. f"l ( 6 ) 
A. : ' ( l. ) = /\ i'1i{ 7 ) 
A .(7)=t'd·H3l 
1\ • ( ::~ ) ::: I\ iVJ ( fy ) 
;\ 1 ( /1 ) ::: .l\ IJi ( 7 ) 
SlD~EV=SQRT(STDDEVl/EN~ 
C~LL DI~G(AM,O,INDEXI 
\el ;- r T ( 6 I l 5 ) s T D D t: v 
rrr::(6,600> 
l TD 96 
99 HlP 
*************** ************************************ *~*** 
c 
c *~ **~**********************~****************************** ****~ 
D; \iSIIJ\l \~{9),(3(9) 1 T(9l 
C ·'· L L :.:; I :;E '~ ( G , El , 3 , 0 ) 
\\<IT (1,!.2) 
1 2 F 1 •{ t·! r. T < ' :; ' , • u r:~ G r1 rL~ L r s r= o T E ~,J suR • 1 
~~·~TTL ( o , 16) G ( l) , G (? l , G ( ~_, l 
tf ~ l T E ( h , 1 6 l G U ) , G ( l , G ( 3 l 
':1 TTC(6,l6l G(4),G( ltG(6} 
~~ 6 F l i~ ;.1 t\ T ( ' 1 1 3 ( F I 2 • !< , X ) ) 
I r· < t; l l ·~ < 3 J > 1 3 , 1 3 , 1. s 
1 5 I ,; ( ,-; l l ':' ( 6 ) l 13 1 l J 1 l 71 
i 3 \rr--z I T ( 6 ? l 4 ) 
14 F' J r:·. T < ' ~l ' , ' A r L A s T o .·~ E P R. I ~i c I P A L vi\ L u E r s No T R. E t\ L • 1 • 
Hl.JT Vl\L ID I) 
1.71 ~~:;ITE(6,17l 
c 
1 7 F 1 '? 1 "I /\ r < ' o ' , ' o r ,J\. G CJI'l A L I s r :·~ G T E f\j :; oR • l 
f!:J ~8 I=l,'11:;J 
1 8 \,i ;_ I T { 6 , : 9 ) B ( I } , 8 ( I + l ) 1 B ( I + 2 l 
19 F·)R T( 1 1 1 -3(F10.'-r 1 SX)) 23 G l SORT(aBS(G(l) l l 
G 3 =SQKTIABSIG13l ll 
G b SQ~T(ABSIGI6) l l 
~'::I 16,?11 
? 1. F ~~ IH ( I 8 I ' p R I N c I p '\ L \1 ~~ L u c: s ' ) 
I . , i 1- l ( t ., 9 i ,, ( '\ ) ('' ( ':'( ) t' ( ' ) 1 <\). 1.:. •Jt,J., \.) .L ') ~' f\':1 () 
C C.\LCIJUd GIN Ll\fHliU\TilRY COCRDINATtS 
c 
705 
706 
1\ ~- ( i ) i', ( 1 ) 
p, ( ( .. ') !\, ( ~- ) 
['1(3) ''.(7) 
r~ r 1 ~~ l = 11• 1 2 l 
L. r 1 ':) l "' c1 1 5 l 
Hf(C)=P·(£\) 
Pf(7l=i1(3) 
P.rl:<l=niSl 
!' T ( ') l = 1-\ ( 9 ) 
C(5) G(3) 
C;( '1 l =G( 6) 
(, .2 = ( C ( '. } + G ( 3 l +G ( 6 } ) /3. G 
C:.=G(3.l -z 
Cl (3) 2 
Ci.- (0)-..;>2 
J--=~ [1 l()L. I=l,9,4 
'J 7 J t, K = l , 3 
iJ) G(I)~:f3(J) 
J~J+> [);) 705 1=1,7,3 
Dl 705 J=1,3 
C.( I+,J- l=RT( IH?,(J )+BTl I+l J>:<B{J+3l+BT( I+2)~<B(J+6l 
lrdi [=((:),706) 
FJR. .L\T(';)' 1 ' P=i'JSCJ?, PI LAB COORDINATES XYZ') 
[n] 7 ~I 1,773 
~~IT_Ib 7 707} G(I),G(I+l),G(I+2) 
ACt..LC IS 
707 F~l :•i/\T( 1 1 73(F2.0.4, OX)) 
c 
c 
c 
c 
c 
2 7 F l R !, T { 0 F .l 0 • t:, ) 
I;~ ( I D f: X. E: 0 • l l G 0 Til 9 9 
\·: ; I T ( h , 3 1, l G? 
3 F n;:,, r< '0',' rsrnRoPrc HYPC:t-:FI-JE cm'IPONt:I'H ~· ,F;O.~l 
\·! , 1 T f:: ( i.l , 3 2 ) G J. , G 3 , & 
3? FJRMAT( 1 D1 1 1 ANISOT JPIC HYPERFINE TENSOR IS ',3Fl0.41 
99 R~TURN . 
ElD 
S U f.\ :< CJ U T I \J E M 1.\T Hl V ( l1 1 A I , f) E T l 
SUGPROGRAM MATINV(AM 1 4M,O Tl 
D:T =:~u.:SULTMIT DETERfvJINAI\lT CiF A 
en· NSIO\l ;:\(49) 1 AI(49},~.1A(7) 
FJV~ ..\ TJ AI 
D::T=l.O 
:W bJO I=l 1 7 i'n(I)=I · 
tJOO 
[',) ~00 ,J= I, 49,7 
AI(Jl=A(J) 
c 
C S :: f'J:. C H F 0 R P I V 0 T E L E fv1 E 1\1 T Li'. R G 1: S T I N R OVI 
c 
G f\01 1=1,7 
l=(I-l.l''r-7 
-1< L+I 
P=O.O 
DJ l3 J=i'\ 1 49 1 7 C = ;\ I ( .J J 
IF(Cl 2·l::lv8ll,8ll 
310 C=-C 
311 JF(G-Cl 812 1 812, 13 812 P=C 
Ll=J-K 
1H3 C Ji'H II'WE 
~ ,, 
C l~T RCHANGE COLUMNS IF NECESSARY 
I~(L I 802 1 303,802 
1302 L2=L+J. 
L3=L2+6 [) ::;;:,o J=L2,L3 
l~=J+L2-
R = t\ I ( J ) 
,f)[(J)=.Ld(L2l 
::320 /'.1(L2}=i:) 
L~:=I+LI/S 
L ') = \! -4 ( I l 
c 
c 
, 
\,.. 
603 
0' \ ( I J i'! P ( L 2 ) 
f\: '\ ( L 2 ) l3 
Ct.T=-D T 
CJVIDE RDhi BY PIVCJT t:LE!V1E1\IT Ai'W REDUCE f'lATRIX 
p:;i.\1(1<) 
A I ( i( l :o 1 • 0 
D :: T = h l:t D E T 
D'l 830 J=r,t~·),7 
/\ (.JJ=AI(J)/B 
L) i J ,1 0 :. J = 1 1 7 
u ..J- r 
H(Lll d3l,B01 1 B31 
:'3! L. l+J 
B tU(L2l 
t\l (L2l=G.O 
Vi 32._K=J,49,7 
L =1\-L 1 
932 AI(~l=AI!Kl-H*AIIL2l 
HJ ·~ C Cl i\! T I i\IIJ t: 
c 
C I !T ~: R C H A \I G E R 0 H S I F f'l E S S !~ R Y 
•' \,. 
35 
GSZ 
!153 
H54 
J05 
c 
c 
c 
c 
c 
c 
I' ,, 
c 
c 
c 
c 
L· · :\ 0 ') I l , 7 
r>-(''i'\( rJ-I 1 Bso,eos,s:so 
l! : l :: J ::: ]. 1 7 
Jf'-.(i\t\(J)-II 852 7 851 1 852 
I J l i'l/.d I l 
.·=.J-I 
:; TiJ ns;. 
fHJTI>JUt: 
I 5't J=I,49,7 
L J+ll 
B=.L\t(J) 
l\i (.Jl=td(L2l 
.L\I IL2)=B 
C' Ji'>JT I'WE / 
R f.: TUR:~ 
EflD 
SUBROUTI\E EIGEN(A,R,N,MVl 
~~*********~*****************************************************~ I 
SUJ-\Pi~CJGRAfli EIGEN 
PURPOSE 
COMPUTE EIGENVALUES AND EIGENVECTORS OP A REAL SYMMETRIC 
~1!\TRIX 
USI\G 
C l EIGEN(A 1 R,N,NVI 
DESCRIPTION OF PARAMETERS 
A- ORIGINAL NATRIX (SYMMETRIC), DESTROYED IN. COMPUT~TJO • 
RESULTANT EIG~NVALUES ARE DEVELOPED IN DIAGO~Al GF 
MATRIX t IN DESCENDING ORDER. 
R - RESULTANT MATRIX OF EIGENVECTORS {STORED COLUMNWISE, 
IN SAME SEQU NCE AS EIGENVALUES) 
N - ORDER OF AT ICES A AND R 
111t V- I f\1 PUT C 0 D 
0 C PUT EIGENVALUfS A D EIGENVECTORS 
1 COMPUT- ~IGENVALUES LY (R NEED NUT GE 
DIMENSIONED BUT MUST TILL APPEAR IN CALLING 
SEQUt:NCEl 
Rf,1J\I\RKS 
IGINAL MATRIX A MUST DE REAL SYMMETRIC (STORAGt: MOGE J) 
FUR YIJ HJFClkMATIOi'! THIS i"iEA:JS UPPER TRIA\0GUL.L\R FOR.i'1 
f\ T R I X A C A i'-l t'l 0 T fH: I N T H E S A ivl E L DC A T I UN A S f'ii ;, T R I X K 
SUBPROGRAMS AND FUNCTN SUBPRORRAMS R~QUIRED 
f\iO''-lE 
1'1 T 
GOi\!t\LIZATION r·1t:TH CJRIGHJ/l 0 BY JACOBI Ai\JL) AlMPT D 
Y V () N N E U i'-'1 /\ W l F 0 R L G E C 0!\i P U R S A S F 0 UN D HI 'i"IIH II h·'! 1H I C ll l 
t'1l::THODS FOR DIGITAL CGrWUTERS•, EDITED BY A. RALSTON Jli\lO 
H • S • IH L F t J !J H N IH L E Y 1\ N D S 0 N S , ~~ E W Y D R l< , l 9 6 2 , C H ;\ P T c R 7 
c 
c 
!_. 
c 
\., 
r-
L 
c 
l, 
,-
\J 
\,, 
,~ 
'/ 
t' 
\, 
c 
c 
,-
L 
( 
,. 
,, 
c 
c 
r ,, 
l: 
c 
·-'J 
c 
c 
c 
5 
10 
*~~***~************~******~***************~******~****~******* *** 
0 [ H c:.l'1 S I 0 \l A { l ) 7 R ( 1 ) 
e • • • • • • • • • 4 4- • • • • • a • • • • • • • • • • • * • • • • II a • it • • • • • • • • • • • • • • • • •" • • e· • • • • 
IF A DOUBLE PRECISinN VERSION OF THIS ROUTINE IS UESIRE THE 
C TN COLUMN 1 SHOULD BE REMOVED FROM THE DOUHLE PRECISI 
S TAT;: 1'1 E !J T ~-IH I C H f- (J l L S • 
0 11lW L •: P K E C T S I m1 /..\ , R , Ml n 'Z r1 , A :\1 t:U'l X , T H R 1 X , Y , S fi'l X , S I N X 2 , CDS X , 
1 COSX2,SINCS,RANGE 
Tl!f: C HUST /\LSD lit: I'< f)Vt:u FROM DOUF>LF PF ISIDi\! ~)Ti\Tb'l~:rHL 
<\Pi' 1\:\I!'lC HI lHIIt:l~ R TII'Il-:S USED If\l CllNJ liON HITH TillS 
1\IIUfi\!F. 
JIJI: lllJUI\LF PIU~CISI(lf'.J VFR{)J(lN OF TillS ~)IJIII<DllflNF 1'1US1·/\L;;[l 
c. u 1·-:r :11 1~ D u u 1 HJ P rn~ c I ~ I r 1 i'.l 1~ DR Tl~ 1\ :~ F u i\l c T I 'Jl'i s • :; \J F: r 1 r~ ~:, r 1\ l i·, fJ r s 
t,(), hi.\, '7 1i, .<\ND 7fl 1\HJST :sc CHANGFD Hl llSOin. Aus l1\1 ST1\1:.1':: i'Jr 
(,;~ r'IUST l\E CHJ\1\IG;~I) l'U (),~[\;,;.THE CDNSTANT IN STAH:I'\U\IT 5 Slii:IJli) 
IlL CilANGED l't:l 1 .OD-L?.. 
........................... fil ................................ , ••• i" ••• : 
.;t=i~Ef~ATE IDENTITY ~lATRIX 
J{i\rlGC:=l.OE-6 
IF(MV-l) 10,25 1 10 
I<.) -N 
CJ ? J=l,N 
I·~=I ~~ 
Dl ;_:u T=l,N 
IJ=ICHI 
R(lJl 0.0 
IF(I-Jl 20,15,20 
15 P{IJ}=LO 
20 CD~lTHIUi:: 
C COMPUTE INITIAL AND FINAL NORMS (ANORM AND A~ORMX} 
r 
v 
25 0'\ 0.0 
:, I=l ,N 
3 ,J I , N 
(I-,J) 30,3:,,30 
30 ~=I+(J*J-Jl/2 
'-iPi·cfv'=A\iJRJ-1+/\{ IA )>:<A( IA) 
3 :; C·lrlT PJUE 
I F ( C\1 ~ U R ;,\ ) 1 6 5 , l 6 5 , 4 0 
40 ANORM=l.4l4*SQkT{ANORM) 
A~RMX ANJRM*RANGEIFLOATINI 
c 
C INITIALIZE INDICATORS MJD,COMPUTE HIRESHOLD, THP. 
c 
c 
I ·W=O 
T :i P. = /\~·i Cl RM 
4 5 T d R T H R I F L 0 AT Ul ) 
50 L-=:. 
5'1 M-=l+1. 
C C mw U T E S I N AND C lJ S 
c 
6 () I'',.)= ( t·:':er.·~-Vt) I 2 
L'~ ( L':<L-L) 12 
u·1 L+i'10 
6 1;:( M)S{A(LMl}-THRJ 130 7 65,65 
6 HD= J. 
LL=L+LO 
M 'I :::: i'-1 + til Q 
c 
;< = • ::; ':< ( A ( L L ) - ,t, ( 1'-Hi ) l 
6~ V:-h(LM}/ SQ T(A(LM)*AILMI+X*X) 
11: ( X ) 7 0 , 7 5 , 
70 Y -Y 
7 5 S I I.; ;< = Y I S 0 R T ( 2 • 0 ~q 1 • 0 + I S Q R T ( l • 0 - Y * Y l ) l ) 
S I ~·l X 2 = S I \! X ,;, S I t-..J X 
78 CJSX SJ~Til.O-SINX2) 
C )SX;~ CDSX':'COSX 
S I ~.; C S S I N X>:' C 0 S X 
\.... :~UT t\TE L l.l."m 1'~ COLUHNS 
(, 
lLU=:\l,:<(L-ll 
l , ·l Q i'l '' ( H- l ) 
[,] l?..S I 1,f~ 
1 q = I I ex I - I l I 2 
lF(l-Ll 80tll5,80 
f\ 0 I i.: ( I - ~1 l 8 5 1 115 , 9 0 8 ) I ,.,.1 = I + I i :::; 
G 1 r o 'J 5 
90 I~=M+IQ ' 
95 JF(l-Ll lOO,l0:5,10.5 
l.OO lL=l+L() 
c;:l TO llO 
.1. 0 '5 I L L + I 0 
110 X=h(Ill*COSX-AIIMI*SINX 
1\ ( 1 ,\\) = l\ I I L I * S I f\IX +A ( I ivl l ,;: CCl S X 
A(IL) X 
115 l~(~V-ll 120,125,120 
120 ILP ILtJ+I 
I 1'lR= I i"l("J+ I 
X RIILRI*COSX-RIIMRI*SINX 
R ( I 1'1 R l R I IL R. ) * S I N X + R ( I (v\R. ) :!.< C 0 S X 
R(IlR) X 
125 CrlrHHWE 
c 
X 2.C*AILMl*SINCS 
Y=A(Lll*:OSX2+A(MM)*SINXZ-X 
X=A(Lll*SINX2+AIMM)*COSX2+X 
AILMJ=(A(LL)-A(MMl )*SINCS+AILM)*(COSX2-SINX2) 
A(LL)=Y 
A ( rH1i} X 
C TESTS FOR COMPLETION 
c 
C TEST FOR M = LAST COLUMN 
c 
L30 IFIN-N) 135,140,135 
1.35 1"1=i'\+l 
r \, 
G1l TO 60 
C TEST FOR L = SECOND FROM LAST COLUMN 
c 
:.4J IF(L-(i'J-1)) J.t:r5,150,lt+5 
Llj-3 L~L-tl 
Gil TO 55 
150 If' ( li'W-l) 160,155,160 
:. 5 ') I ,\lD=O 
G:.1 I U 50 
c 
C CU:·1PM~E TIH\ESHIJLD WITH FINAL NORM 
c 
.. 6 ~) I '. ( l I IR-AN R 1'\ X ) 16 5 ' 1') ') I It 5 
' 'J C S U R T E I G E ~N I~ L U E S AND E I G E ~~ V E C T 0 R S 
c 
!.6S I~ -i\! 
.:. 8 5 C Ci fH I U t: 
ru: ru 
E '\1 il 
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APPENDIX 2 
Nuclear Zeeman Interaction 
Consider the spin Hamiltonian: 
ft~ ss.g.H +I§.~ .. I. 
l l l 
In computing the hyperfine tensor, g may taken as isotropic 
to a good approximation and as the second term is small compared 
with the first, S may be considered to be quantized along the 
magnetic field, which may be used to define X, Y and Z 
directions. In this approximation 
S = M Z 
s 
where Ms = ±~ 
and H z =lf 
~r:. = gSHM + IM z . .A .• :r. 
s . s l l 
l 
This enables the nuclear terms to be separated from one another 
and from the term expressing the interaction of the electron 
with the magnetic field. 
Unless the nuclear Zeeman term is much smaller than the 
hyperfine term, the nuclear spin may not be assumed to be 
quantized along the direction of the field. Thus for each 
nucleus the nuclear spin part of the Hamiltonian may be 
expressed in terms of the component spin operators Ix' Iy and 
I where X and Y are arbitrary directions perpendicular to 
z 
each other and z. The spin Hamiltonian describing the nuclear 
interaction may therefore be written 
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or 
Since SN = 5.0504 x lo-24 erg.gauss-l 
and H ~ 3300 gauss for X-band esr studies 
gNSNH = 2.5lgN MHz 
= 14.0 MHZ for lH 
= 2.1 MHZ for 2H 
= 1.4 MIIz for 35Cl 
= 1.1 MHZ for 37Cl 
= 1.0 M.Hz for 14N 
= 3.8 MHZ for 63Cu 
= 4.1 MHZ for 65Cu 
Thus the effect of the direct field interaction is greatest for 
protons and is negligible for nitrogen, copper and chlorine 
except for very small hyperfine coupling constants. 
For protons it can be shown that four absorption peaks 
occur at energies given by 
E = gSH ± ~(A+± A_) 
where 
A ={(A ± 2gNSNH) 2 + (A2 + A2 )}~ ± zz zx zy 
These two doublets normally have different intensities as a 
consequence of the fact that I is no longer quantised along Z 
and the normal selection rule, 6MI = 0, is therefore not valid. 
The two doublets have spacing, d±' given by 
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d, = ~(A..t. ±A ) 
::.: ' -
= ~{ (ZAZ + 2v) 2 + (ZAX) 2 + (ZAY) 2 } ~ . 
± ~{ ( ZAZ - 2v) 2 + (ZAX) 2 + (ZAY) 2 } ~ 
= ~{ ZA 2z + 4v 2 + 4v (ZAZ) p ± ~ { ZA 2 Z + 4 v 2 - 4 v ( ZA Z ) } ~ 
and the ratio of the intensities of the doublets is given by: 
(A +A -2gNSNH) (A +A++2g SNH) + (A2 +A2 ) 
zz - zz N zx zy 
(A 2 +A 2 ) (A+-A +4gNGNH) 2 ZX Z::{ -
Thus when the magnetic field is along a principal axis of 
A the d doublet has zero intensity. The two doublets are of 
comparable intensity when Azz is of the order of 2gNSNH provided 
A2 + A2 i 0. This is true for protons when Azz ~ lOG. In zx zy 
general where A > lOG the d+ doublet will be more intense 
zz 
than the d doublet and the converse will be true when Azz < 
lOG, although this also depends on the ratio of A 2 + A2 to 
zx zy 
2 Azzt a higl:1 ratio causing the d+ doublet to be the most intense 
even below lOG (166,179-186). 
From the hyperfine coupling tensor calculated by first 
order equations it was possible to calculate a self consistent 
tensor for the hydrogen hyperfine coupling using the second 
order equations given above by a simple least squares procedure. 
The effect of anisotropy in the g tensor is incorporated in a 
similar manner to the first order procedure outlined in 
Appendix lB. 
The general least squares computer program, ORGLS (190) 
was used to calculate the hyperfine tensor, taking into account 
the nuclear Zeeman interaction., It was adapted by the addition 
of two subroutines. DIAG and EIGEN were used as in FOE, to 
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obtain the principal values and their direction cosines. A 
subroutine, CALC, substantially the same as that used in 
ANGCALC, was used to calculate the coupling constants at each 
orientation from the tensor being adjusted by the non-linear 
least squares method. 
Use was also made of a computer program, ANGCALC, to 
calculate the g-value or hyperfine coupling constant at any 
orientation from input tensors. Calculations included the 
direct field correction and it was possible to compare the 
experimental and calculated g-values or hyperfine coupling 
constants. 
Angular Variation from Tensors 
(ANGCALC) 
Purpose: This program calculates g-values or hyperfine 
coupling constants from an input tensor. Experimental and 
calculated quantities may be compared and a standard deviation 
determined. The tensor is diagonalised and the direction 
cosines evaluated. 
Contents: One mainline program, ANGCALC, and the subroutines 
EIGEN and CALC. 
Library Routines Used: SIN, COS, SQRT, ABS. 
Language: IBM System/360 Fortran IV(BCD). 
Method: 2 2 This program first calculates the g or A tensor, 
unless this is given as input, and then diagonalises it to yield 
the principal values and their direction cosines. g or A is 
calculated at 5° intervals in the tensorial axis system and if 
required,experimental and calculated quantities are compared 
and a standard deviation determined. 
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Fortran 
Card No. Columns Symbol Format Contents 
1 1-10 G(l) F10.4 gll 
11-20 G(2) 
21-30 G(4) 
31-40 G(3) 
41-50 G(5) 
51-60 .· G(6) 
61 ICALCG 
62 JCALC 
63 KCALC 
64 LCALC 
71-80 SR 
JCALC = 1 and KCALC = 0 
2 1 IIDEX 
3 1 KODE 
2-10 H (!) 
Fl0.4 
F10.4 
F10.4 
Fl0.4 
Fl0.4 
!1 
Il 
!1 
!1 
Fl0.4 
!1 
!1 
F9.4 
=1, if g-value is to be 
calculated at 5° intervals 
= 0, otherwise. 
, if experimental and 
calculated quantities are 
to be compared 
= o, otherwise 
= 1, the experimental 
quantities used for the last 
calculation are to be used 
again 
= O, if new experimental 
quantities are to be read 
2 2 
= 1, if the g or A tensor 
is given as input 
= 0, if the g or A tensor is 
given as input 
coefficient for direct field 
term which is SR*I 
= 1 for g-tensor 
= 2 for A-tensor 
left blank 
if IIDEX = 1, H is the magnetic 
field, in gauss. 
if IIDEX = 2, H is the 
measured hyperfine splitting, 
in gauss. 
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Fortran 
Card No. Columns Symbol Format Contents 
3 11-20 FHI(I) Fl0.4 the azimuthal angle, rp, in 
degrees. 
21-30 FHETA (I) Fl0.4 the polar angle, 8 , in 
degrees. 
31-40 FR (I) Fl0.4 the microwave frequency, in 
MHZ. 
There is one card of type 3 for each orientation. End of data 
is signified by a 1 in column 1. 
Output: 
(1) The input tensor 
(2) The value of SR 
(3) The diagonalising tensor. The direction cosines are 
stored row-wise. 
( 4) The principal values 
(5) The g-tensor if the 2 given as input g -tensor was 
( 6) The value of A or g at 5° intervals 
(7) The calculated and experimental values 
( 8) The standard deviation. 
Capacity: The number of experimental values is limited by the 
DIMENSION statement, which at present is set for a maximum of 
290 observations. 
Limitations: The present form of subroutine CALC limits 
inclusion of the direct field ·effect to nuclei with nuclear 
spins of ~. 
c 
,. 
v 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
************************************************************~~**¥ 
PRf)GRM'l ANGCALC 
***************************************************************** 
fJ lJ 1\ P 0 S E - T 0 D I A G 0 N A L I S E A S Y M MET R I C ~1 AT R I X 
INPUT- ONE CARD PER MATRIX 
l/ITil /\l.l,Al2,Al3,~22rh23 1 t\31 IN Fl0.4 FORMAT A ~ IN COLUMN 61 CAUSES G OR A TO RE CALCULATED AT 10 DEGRE~ 
INTERVALS IN THREE ORTHOGONAL PLANES 
f, 1. I N C 0 LlH1 N 6 2 En A B L E $ C A L C U LA T F D G 0 A A VAL U f S T 0 13£ C m 11 PAP ED 
LIITH EXPERIMENTAL OUANT1TIES CALCULATED FROM THE FOLLOWING CAnDS 
\,IHJCH AR.E IDENTICAL TO THE INPUT FOR FOE 
!\ 1 IN COLUHN 63 CAUSES THE Sllr~E EXPERIMENTAL POINTS TO BE USEU 
~OR THIS INPUT MATRIX . 
A 1 IN COLUMN 64 IS REQUIRED WHEN THE INPUT TENSOR IS THE SQUARE 
UF THE DESIRED TENSOR . 
COLUMNS 71-80 CONTAir~ SR, THE COEFFICIENT OF I IN THE DIRECT FIELD 
TEfU~ 
FORTRAN PROGRAM NUMRER 1 IS ASSIGNED TO THE WORKING FILE 
~ORTRAN PROGRAM NUMBER 5 IS ASSIGNED TO THE CARD READER 
ruRTRAN PROGRAM NU~1BER 6 IS ,\SSIGNED TO THE LINE PFdNTER 
fORTRAN PROGRAM NUMBER 7 IS ASSIGNED TO THE CARD PUNCH 
**~*******************************************************~*~**** 
DIMENSION FHI1290J,FHETA(290),FR{290),H(290),GEXPT(290) 
1 7 DlFFER{290) 
nrMENSION G(9),R(9J,BT(9) 
1 FO~MAT(6Fl0.4,4Il 1 6X,Fl0.4) 
2 fORMAT('O','INPUT TENSOR IN LAB COORDINATES') 
3 FOP.H/'I.T(' 1 7 3(Fl(l.4 7 4X)) 4 FORMATI'0 1 ,'DIAGONALISING TENSOR') 
6 FOR. T(' ',3(Fl0.'t 1 5X)) 7 HJi~ T{ 1 0 1 , 1 PRINCIP/\L VALUES'} 
:6 FORMAT(' 1 7 Fl0.2,6X,FJ0.2 7 6X,Fl0.4} 17 r: n R HAT c 1 o ' , tt x, • PH I • , 12 x , • T • 1 ErA • , 1 ox , • GC A L c • l 18 ;= 0 lz HAT ( I 0 I 7 I )~o.~>;o:~ *~'t >!< :-:o:c ~o~ >:<~'< ~~ >!! >.'<':< * *>~ * * * *),'t '~ *>:< >.'<>:< *~( >.'<* * ·~ >;t* ;..'< >:o:o,'<~< ~o!<¥ >:< "' * ,,. ::< 1 ) 
22 ~URMAT1Il,F9.4,3Fl0.4) 
25 r:Ol~HAT( 1 0 1 , 'STANDARD DEVIATIIJN IS • ,Fl0.4) 
27 FORMAT( 1 0',' GEXPT GCALC DIFFER PHI THETA 
1 H FR 1 ) 
28 RMAT( I ',3Fl0.4,2FlO.l,Fl0.2,Fl0.3) 
30 F RH/I.T(Il) 
35 FORJ'v\AT( '0 1 ,' AEXPT ACAI.C+ ACALC- DIFFER Phi 1 THETA H I ) 
3B FORMAT( 1 1 7 4Fl0.4 1 2Fl0.1 1 Fl0.2) 39 FllR1'1AT( 1 0 1 , 1 DIRECT FIELD TERM IS 1 1 Fl0.5 1 'I 1 ) 
c 
C P,Et>.D tliATRIX ELEMENTS ANO COOCS· 
c 
c 
8 i\D(5,1,END=9) G(l),G(Z),G(4),G(3),G(5),G(6),ICALCG,JCALC,KCALC,L 
lC LC,SR i • 
1
.JRITt=(6,2) . 
',4RITE(6,3) G(l),G(2),G(4) 
\..J R I T E ( 6 , 3 ) G ( 2 ) , G ( 3 ) , G ( 5 ) 
\·1 R. 1 TE ( h , 3 ) G ( 4 } , G ( 5 ) , G C 6 l 
'/RITE(6,39) SR. 
~I< 1(, 0 
IF(LCALC.EQ.ll GO TO 21 
19 IFIICALCG.EQ.Ol GO TO 26 
~~ R I T f. ( 6 r 1 7 ) 
C CALCULATE G OR A AT 5 DEGREE INTERVALS 
c 
?HI 0.0 
:: fHi;T,~=O.() 
1 0 G C/\ L C = S Q R T ( ( G. ( 1 ) >;< G ( l l + G ( 2 ) ,:, G ( 2 ) + G ( 4 H' G ( 4 ) )':' S I N ( Tl-·1 E T t, ) >:o:: 2 o;: C (I S ( p H I ) 
1 !o:< ? + ( G ( .i. ) :.;, G ( 2 ) + G ! 2 ) >:: G ( 3 ) + G ( 4 l * G ( 5 l ) * 2 • 0 >!< S I N ( T H E T A ) ::: ~' 2 ;(< S I I H P H I l ,:, 
2 C. 0 S I P II I ) + ( ( G ( 1 ) >H; ( 4 l + G ( 2 H< G ( ~,; ) + G ( 4 H< G { 6 ) ) ::: C 0 S ( PH I ) + ( G ( 2 ) ,~ G ( 4 } + 
3G(3l*G(5)+G(5)4G(hi)*SINIPHIJ l*2.0*SINITHETAl*COS(THETA) +(G(~l 
4~G(2l+GI3l*G(3)+G(5l*G{5) I*SINITHETAl**2*SIN(PHll**2+1G(4)~G(4}+ 
5 '; ( ,:, ) ~' r; ( 5 ) + G ( 6 ) ':' G ( 6 I ) * C 0 S ( T H f r A ) * * 2 ) 
·~ H i = P II I ~' 5 7 • 2 9 57 R 
·)IIi T A= THETA,;, 57. 2 95 7 R 
\~H l TU 6,16 l Sill, SHET. Ai(.;CALC 
rF ( I N ll E X • F Q • 2 ) G 0 HI t,. 
fll! T 1\ HI f. T 1\ + 5. 0 I) 7 • 2 9 57 B 
1. F ( l [\II) l X • N E • 2 ) G 0 T D 1 5 
lit PHJ=PI11+5.0/57.29578 
1F(PHI.LE.3.14158) GO TO 10 
t;ll TD ;~ 6 
15 (F(THI::TA.LE.3.14l58) GO TO 10 
H·Jn EX= I N D EX+ 1 
GO TOI12,l3 1 26), INDEX 12 PHI=90.0/57.29578 
c.n TO 11 
13 1HETA=90.0/57.29578 
PHI=O.O 
(;Q TO 10 
26 lF(JCALC.EQ.Ol GO TO 21 
c 
C Lot-IPAkE CALCULATED AND EXPERIMENTAL VALUES 
c 
~' TDDEV=O. 0 
J=L. 
IF(KCALC.EQ.l) GO TO 33 
PEADI5,30} IIOEX 
33 !F(IIDEX.Et~.2) GO TO 34 
WRITF(6 1 271 
lFIKCALC.EQ.ll GO TO 37 
GD TO 2'-r 
3 '-r ~,r R I T E ( 6 1 3 5 ) 
24 lFIKCALC.EQ.l) GO TO 37 
REA[)( ~;, 2 2 ) K 0 DE 1 H ( I ) , F HI ( I ) , F HE T A ( I ) , F R ( I ) 
IFIKODE.EQ.ll GO TO 23 
37 PHI=FHI(I)/57.29578 
THETA=FHETA( l)/57.29578 
CALL CALCCSR,PHI,THETA,GCALC,G,GCALCll 
lH IIDEX.Ef4.2) GO TO 31 
CE>(PT( I l=FR( I)/H( I )*0.71449 
CIJ TO 32 
'31 (;EYPTI I }=H( I) 
{' 
" c 
c 
32 DIFFER.(Il=ABSIGCALC -GEXPT(I)) 
CG=GEXPT( I )/2.0 
40 
23 
29 
21 
5 
TF IGG.LE:.SR) DIFFER( I l=ABS(GCALCl-GEXPT( I) l 
~TODEV=STDDEV+DIFFER(I)**2 
IFIIIDEX.EQ.l> WRITE(6,28} GEXPT(I),GCALC,DIFFERII) 1 FHI(IJ,FHI:::TI4( lil,H(I),FR{l) 
IF(IIDEX.EQ.2) WRITE(6,38) G~XPTCIJ,GCALC,~CALCl,DIFFERIII 1 FHI(l) l,FHETA{ I) ,H( I) 
lF(KCALC.NE.l) GO TO 40 
IF(I.EQ.Nl GO TO 29 
:r=I+l 
GIJ TO 24 
i•I=T-1 
STDDEV=SQRT(STODEV/N) 
W~ITEI6,25) STDDEV 
UIAGONALISE MATRIX 
(ALL ~IGEN(G,B,3,0) 
\·•RTTE(6,4) 
[;I] 5 I= 1' 9' 3 
WRITE(6,b) BCIJ,B(I+l),B(l+2) 
\'?TTE(6 1 7) \o.~.ITL::(6 7 6) G(l),G(3},G(6} lf(LCAL;..:.~H.:.l). GO TO 20 
r; ( J. l = S 0 K. T ( A B S ( G ( 1 ) ) ) 
C. ( :" )' = S Q K T ( "B S ( G 13 ) l l 
Gl~l=SORTIABS{G(6})) 
P T ( .i. l = i~ ( l ) 
lH I ;~ l = f\ ( t~ ) 
rfUl=B17l 
f'T(Ii)=IJ,(Zl 
[',T(S)=r\(5) 
l' T ( 6 ) f\ ( fl ) . 
f~ r 1 7 > "' n 1 .3 > 
t:,T(H)=B(6) 
PT(9)=B(9) 
'·' l [J ,J 7 0 4 I = 1 , 9 , 4 
['l 704 K=l,3 
EI(J) G(Il*B(J) 
704 ,J-=J-t i 
l''l 705 I=l,7,3 
0 ,J 7 0 5 J = 1 ' 3 
705 Gl I+J-l)=RT( IJ>:~R(J)+BT( I+ll*B{J+3)+BT( I+2l*BIJ+6) 
JFIKKK.EQ.l) GO TO 20 
i\~ITE(6,2) 
[H') 70B 1=·1,7,3 
7 0 8 v1 :UTi::: ( 6 , 3 ) G ( I ) , G ( I+ l ) , G ( I + 2) 
Cl4l=GI3l 
C,(3l=G15l 
G(5l=G(6) 
G(G)=G(9) 
K:\K= 1 
IfiLCALC.EQ.O) GO TO 20 
C.J TO 19 
2 0 v.; R I T E { 6 t 1 8 ) 
GiJ TO 8 
9 STOP 
E\lD 
SUBROUTINE CALC(SR,PHI 1 THETA,Y,P,Yl) Dlf'itNSI0\1 P(9) 
C iJ h P l ( A , B , C , D ) = ( E L *A+ E r·~ * B +EN~'< C + 2 • 0 * S R * 0 ) * * 2 () l!Vi P 2 ( '4 , B , C , D l = ( E L * A + F. ,~tl ~c B + E N >.'< C - 2 • 0 * S R * 0 ) * * 2 , 
~,R 5 ~ 18 
EL =S Hl ( THETA) *COS (PH I) 
EM=SINITHETAl*SINIPHil 
f I~::: c us ( THETA ) 
Ai=SQRTICOMPl(P(l),P(2),P(4),EL)+COMPl(P(2J,P(3),P(5),EMl+COMPi(P( 
l4) 1 P(~),P(6),fN) l . 
~2=SWRTlCDMP2(P(l),P(2),P(4),EL)+COMP2(P(2),Pt3),P(5l,EMI+COMP2(PI 
1.6) ,P(5) ,P(6) yEN)} 
Y=0.5>:<( Al+A2J 
Yl=0.5*1Al-A2) 
RETURN 
E:w 
c [ **************************************************************~*~* r 
'~ C SUBPROGRAM EIGEN 
c ( ****************************************************************** c 
C T II I S S U B P R 0 G R A~~ I S I D EN T I CAL T 0 T H A T US E D I N F 0 t , T 0 W H I C H Y 0 U 4 ;< E 
C ~EFERRED FOR A LISTING . 
c 
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APPENDIX 3 
§Pectral Simulation 
Extensive use was made of spectral simulation in 
determining the nuclear hyperfine tensors. For second order 
calculations of the spectral parameters an adaptation of 
program C168 provided by the Argonne National Laboratory 
(Applied Mathematics Division) was used but as second order 
effects were usually negligible the first order program, 
LINPLT, was generally used. This program was able to calculate 
spectra using line positions derived from second order theory 
by use of an option where all line parameters were determined 
with the aid of other programs and given as input for LINPLT. 
Simulation of ESR Spectra for Plotting 
(LINPLT) 
Purpose: This program calculates first order spectra of 
organic free radicals, in solution or single crystal, from. 
input hyperfine splitting data. 
Contents: One mainline program, LINPLT, and the plotting 
package, PLOTAA. 
Library Routines Used: EXP, SIN, COS, SQRT, ABS, PLOTAA. 
Langu~: IBM System/360 Fortran IV (BCD). 
Method: This program first calculates the hyperfine splittings 
for the required orientation by the method appropriate to the 
option given by KALKOD and then calculates an intensity function 
for each line. These are summed and the resultant spectrum is 
printed on either lineprinter or autoplotter, or both. The 
hyperfine splitting is the only variable in the Hamiltonian 
used to define the spectrum unless the option is used where 
all line parameters are given as input. 
Inpu·t: 
Fortran 
Card No. Columns Symbol Format 
1 
2 
3 
·1-80 TITLE 80Al 
1-2 SHAPE I2 
3-4 DERIV I2 
5-6 PHASE I2 
7-8 SPECYS I2 
9-10 KPLOT I2 
11-20 PHI FlO.S 
21-30 THETA FlO 
31-40 HEIGHT FlO.S 
41-50 XIYlAX Fl0.5 
1-5 DISPL(l) F5.2 
6-10 RELINT(l) F5.2 
11-15 DISPL(2) F5.2 
etc. 
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Contents 
Title of plot. 1-60 plotted. 
= 1, Lorentzian lineshape 
= 2, Gaussian lineshape 
= 0, Absorption 
= 1, First derivative 
= 2, Second derivative 
= 1 
= 2 
Number of different species 
for which tensors are to be 
read. Read only if KALKOD 
= 1 or 2. Up to eight 
species may be acconrnodated. 
= O, if only printed spectrum 
is required. 
= 1, both plot and printed 
spectra are required. 
= 2, if only a plot is 
required. 
azimuthal angle, in degrees. 
polar angle, in degrees. 
height of plot, in em. 
maximum width of plot, in em. 
The displacement (in em) of 
the centre of the spectrum 
for species 1. 
The relative intensity of 
species 1. If RELINT(I) is 
zero it is reset to equal 
1.0. 
Up to eight species may be accommodated. 
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Input (cntd) : 
Fortran 
Card No. Columns Symbol Format Contents 
4 1 KALKOD Il = o, if line parameters are 
input. 
= 1, if isotropic hyper fine 
splittings and nuclear 
spins are given for each 
interacting nucleus. 
= 2' if hyperfine tensors 
are input. 
2-11 WYDTH Fl0.5 linewidth, in em. 
12-21 SCAN Fl0.5 scan width, in gauss per 
40 em. 
KALKOD = 0, line parameters are given as input and WYDTH is 
ignored unless WIDTH (I) is zero. 
5 1 I FILE Il blank 
2-11 XCENTR(I) Fl0.5 centre of line, in em. 
12-21 FNTENS (I) Fl0.3 relative intensity of line. 
22-31 WIDTH(I) Fl0.3 linewidth, in em. 
Card type 5 is repeated for each line in the spectrum. End of 
data is signified by a 1 in column 1. 
If KALKOD = 1, line positions are calculated from input isotropic. 
hyperfine coupling constants, and nuclear spins. 
5 1-3 SPIN(l) F3.1 
4-10 HFSPLT(l) F7.3 
11-13 SPIN(2) F3.l 
etc. 
Up to 8 nuclei may be accommodated. 
nuclear spin 
hyperfine coupling constnat 
in gauss, of nucleus 1. 
nuclear spin 
If KALKOD = 2, line positions are calculated from input hyper-
fine coupling tensors, nuclear spins, and orientation. 
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Input (cntd) : 
Fortran 
Card No. Columns Symbol Format Contents 
5 1-10 SPIN (I) Fl0.5 Nuclear spin 
11-20 G(l,I) Fl0.5 All 
21-30 G(2,I) Fl0.5 Al2 
31-40 G(3,I) Fl0.5 Al3 
41-50 G(4,I) Fl0.5 A22 
51-60 G(5,I) Fl0.5 A23 
61-70 G(6,I) Fl0.5 A33 
There MUST be 8 cards of ty,pe 5 if KALKOD = 2 1 although some 
may be blank. 
In all cases card type 5 is followed by: 
6 1 KGEN I1 ; = o, if a new set of data 
to be read. 
= 1, if the same lines are 
to be plotted with their 
linewidths incremented by 
WIDINC. 
is 
2-10 WID INC Fl0.5 linewidth increment, in em. 
Card type 6 may be repeated as often as desired. The last, 
card for each spectrum to be plotted must therefore be blank. 
Output: 
(1) Title of plot 
(2) Phi, Theta, Xmax, Height 
(3) Nuclear spin, Hyperfine splitting 
(4) Derivative 
(5) Number of lines 
(6) Line position, width, relative intensity 
(7) Lineshape 
(8) Punched cards to be used as input for the autoplotter. 
Capacity: Capacity is limited to 8 nuclei with nonzero nuclear 
spins foi each of up to eight species, if line-positions are to 
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be generated. If line positions are input the DIMENSION 
statements limit capacity to 200 lines, and 75 em plots. 
Limitations: The calculation of line. positions is only to a 
first order approximation. 
c *************************************************************~**** 
" C P k. RAM L I f'l P L T 
'w 
c 
c 
c 
,~ 
" C, 
l: 
c 
c 
,, 
·~ 
c 
c 
c 
r 
'"' c 
,.. 
1,, 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
(' ,, 
c 
r ,, 
c 
c 
c 
c 
c 
c 
c 
c 
c 
r 
v 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
****************************************************************** 
PUP,POSI:-TO CfJ:ViPUTF SPFCTR.A OF SUPER Ii"lPOSED LINES AND TO PUi''ICH 
CARDS TO BE USED AS INPUT FOR THE 1627 PLOTTER 
1 ,\iPUT-
CI:RD 1 
CU<.[; 2 
~>HM•E=.l 
- ·~ .. _ c.. 
r,:::prv=o 
Dt::~~IV=l 
U:RIV=2 
PiH\SE=l 
PH.I\SE=2 
CJJL Urlf\1 
Cl.tLUf'!1N 
CCtLUHf\1 
CCJUJ/'1N 
HCIGHT 
COLUMNS l-80 TITLE IN A FORMAT 
COLUMNS 1-2 SHAPE IN 12 FORMAT 
LORENTZIAN LIN~SHAPE 
GAUSSIAN LINESHAPE 
COLUMNS 3-4 DERIV IN 12 FORMAT 
fiBSORPT I (lf\J 
FIRST DEK'IV/HIVE 
SECOND DERIVATIVE 
COLUMNS 5-6 PHASE IN 12 FORMAT 
POSITIVE TO LEFT 
POSITIVE TO RIGHT 
COLUMNS 7-8 SPECYS IN 12 FORMAT (WHEN KALKUD EQ l OR 21 
10 KPLOT 
10 IS 0 IF O~LY A PRINTED SPECTRUM TS REQUIRED 
18 IS 1 IF HDTH PLOT AND PRINTED SPECTRUM ARE REQUIRED 
10 IS 2 IF ONLY.~ PLOT IS REQUIRED 
COLUMNS 11-20 PHI IN Fl0.5 FORMAT 
CULUMNS 21-30 THETA IN Fl0.5 FORt11AT 
COLUMNS 31-40 HEIGHT IN Fl0.5 FORMAT 
COLUMNS 41-50 XMAX IN Fl0.5 FORMAT 
AND XMAX ARE IN CM 
CAI~D 3 DISPL(l) AND RELINT{I) IN l6F5.2 FORMAT 
[liSPL(I) 
TH~ DISPLACEMENT liN CM) OF THE CENTRE FOR EACH SPECIES I 
RELINT( I) 
THE RELATIVE INT1.:(1SITY OF EACH SPECIES I 
CARD 4 KALKOD IN COLUMN 1 WYDTH IN COLUMNS 2-11, SCANN IN COLUMNS 
12-Zl (GAUSS PER 40 CMl 
IF KALKOD IS 0 -LIN~ PARAMETERS ARE INPUT AND WYDTH IS IG~ORED 
CARDS 5 ON THIS CARD IS REPEATED Foq EACH LINE 
CDLUfAN 1 BLANK 
COLUMNS 2-10 XCENTR IN F9.5 FORMAT (IN CM) 
:OLUMNS 11-20 FNTENS IN Fl0.5 FORMAT 
C 0 L U M N S 21 -3 0 W I N F 1 0 • 3 F DR f"i AT ( HJ C i"1 l 
IF W=O THEN WIDTH(I) IS SET EQUAL TO WYDTH 
E~D OF DATA IS SIGNIFIED BY A NON-ZERO NUMBER IN COLUMN 
IF KALKOD=l - LINE POSITI S ARE CALCULATED FROM INPUT 
f\.:ucU:AR SPINS Af\10 HYPERFIN COUPLING CCJNST~'~NTS( ISOTROPIC) 
CAFW 5 
SPINIII IN F3.l FORMAT IN COLUMNS l 7 ll,2l,ETC 
hFSPLT(l) IN F7.3 FDR~'11H IH CIJLUtV\NS 4-10,14-20 1 24-30, ETC 
UP TO EIGHT ATm1S flu'\Y 8!: ACCOI\I]MODATED 
. Ir KALKOD=2 - HYPERFINE TFNSORS IN LABORATORY COORDINATES AR~ 
HPUT MW THE PROJECTIOf\lS ARE CALCULATED 
C A R [J S 5 0 f\J 
SPINII) IN COLUMNS 1-10 
~ll,Al2,A13 1 A22,A23,A33 IN COLUMNS 11-20,21 0,31-40( ETC 
ffiERI;: F!UST UE 8 Of THESE CARDS, SOfv1E MAY BE LAf\ll< 
ChRDS 5 ~RE RtPEATED FOR ALL SPECIES 
CA~D 6 -COMMON TO ALL OPTIONS 
CQLUMN L- KGEN- IF KGEN IS l THE SA 
TH[lk WIDTHS INCREMENTED BY W1DINC 
COLUMNS 2-10 WIDINC IN CM 
LINES ARE PLOTTED WITH 
c 
r ,, 
c 
c 
c 
c 
c 
1 r 1< G ~~ r·l 
f Ill ( Tf-;J\ f~ 
r CJi~. 1 f<·\n 
r 1 w. T R Ml 
fiJI'. Tf\Af\1 
r s 0 {\ 
P ROG R/\ !Vi 
I) RllG:~Ar,1 
J>ROGR/\JVI 
PRflGHAr•\ 
i'·IEW St:T UF 
NUf,if\FR 
i\IU i'': f1 i.~ R •" :'> 
t\il))vlfl[R (J 
r'~U!vill, E~k 7 
i)l\Tfl. I S REl\D 
IS i' S S I ()l\l t: D TO Til vJnR K r r: I u:: J (' ,, 1\ S S I G \I E n TD TH C.".P D R b.l)!~i, 
I " ._) /~SS I G~IE:D Hl TH L T 1·1!: P 1;( I :\:Tr: R. I ,. 
,) /ISSIG~·JED TU Til CAFD P UrJC H 
c ~*~:**********************~~*~******************************~*~ *** c 
c 
c 
r: I i''1 :.J S I DN SAVE ( 5 00 0 l , D I S P L ( ? 0 l , XC F NT R ( 2 0 lJ ) , ~~I D 1 H ( 2 0 0 ) , F iH E S ( 2 0 0 l 
til 1·'1 T\l s I DN !~ u ~'i p, t: R ( 2 (; ) ' s p II' I ( ,?, () ) t H F s p L T{ 2 0 J ' ~i ( 2 0 ) I E i"1 ( 2 0 ! l 0 } 
[ ' I 1'1 !\1 S I 0 \J G G ( 6 , J. 0 l , G ( 6 , 3 ) " R [ L I J\l T ( 2 J ) 
r: I I'·! S ICH ~ F 0 N E (3 5 0 0 ) , X S A V E. (3 :'1 0 0 l ( il 1\l S I 0~.1 C 0 L E C T ( 2 0 0 l , C 0 L ( 2 ) , K 0 L E C T ( 3 50 0 } 
LOGJC~l*l ILABEL(30l 1 TITLf(0G),JLABEL{30} 
I ,'HE:GF:R SHAPE, DERI V, PHASF:, SPEC YS 
Fl~UlVt\LENCE (ILABEL(ll,TITLE(ll) 
E· () U IV 1\ L t~~J C E ( J LABEL( 1 J , TITLE ( 31 l ) 
u 6. T ,:\ c f) L I I I f I • I I 
,') 0 !. r n R :Vi t\ T ( 8 0 A l ) 
4000 ~ORMATI4I2,I2 1 4FlD.51 
~001 ~ORMATii6F5.2) 
4005 rOkMATIIl,F9.5,2Fl0.5,Ill 
4010 FOR TCHOAl} 
Zr 0 1 2 F rl R T ( 1 0 1 1 f:W A 1 ) 
4015 r-nR Tl '0', 'PHI=', FJ.o.3,20X, 'THETA=',Fl0.5//' ', •xr:1AX= 1 ,Fl0.51'HEI lCHT= 1 7 Fl0.5) 
ti020 FDR t\T( 1 Q 1 9 'FIRST DERIVI\TIVE IS PLOTTED') 
tt025 FD r•iAT( '0' ,'ABSORPTIOI\l IS PLOTTED') 
1t o 2 6 FoP, r,LH 1 ' o • , • s t= coN o Dr: ru v .\ T r v E r s PLoTT Eo • l 
Lc030 FQt:U1/\T{ 1 0 1 , t;,IUMBER OF LH~ES IS',l3) 
4035 fJRMAT( I •,Fl0.3,6X,Fl0.3, 6X,Fl0.3) 
4036 ~ORMAT( 1 0 GENTRE OF LINE LINEWIDTH RELATIVE INTENSITY 1 // 1 
l 01 0'1' ) 
~040 FJRMAT( 1 ~ 1 , 1 LO ENTZIAN LINe HAPE') 
/:.QA5 FiJR AT('0 1 7 'GAUSSIAf'l LINES PE 1 ) 
L,-050 hJ 1 1 ','SAVE( 1 ,I5,')='t 1El2.6)) 
L•055 rJ~-u .. :Ll.T ( • ', lOOJU l 
hQ60 fO~MATIIl,Fl0.5l 
4065 FQRMAT(Il,F9.5,Fl0.5l 
t: o 7 o r o ~~ i'11\ T 1 , , , • ~~ u c L E us • , I3 , 6 x , 1 NucLEAR s P IN 1 , F 6 • 2 , 6 x , ' H v P k F r !\J E:. s P L IT 
lTING',F10.5, 1 G 1 ) 
4075 FORMATI7Fl0.5) 
c 
c 
1000 Rc':AD(5,4010,ENO=l00ll CTilLEIIl,I=l,80} 
READI5 1 4000) SHAPE 7 DERIV,PHASE,SPECYS,KPLOT,PHI,THETA 1 HEIGHT 1 XMAX ~cAD(5,400ll IOISPLIIl,RELINT(l) 1 l=l,8) · f:ll 106 I=l,8 . 
f<t LI N=REL If\!T (I) 
l 9 6 J F ( R E L r f'l. L E • 0 • 0 ) P. E L HJT ( I l = L 0 
\, R I T [: ( 6 , 4 0 1 2 ) ( T I T L r: { I ) , I 1 , B 0 ) 
WRITE(h,4015) PHJ,THETA,XMAX,HEIGHT 
~MAX=XMAX*lOQ.0/2.54 
J L fli,~G= X fvi,::X X +4 00.0 
h f I G H T = He I G H T ~~ l 0 0. 0 I 2 • 54 
PHI=PHI/57.29578 
THETA=THETA/57.29578 
IF(KPLOT.EQ.O} GO TO 3 
YPL,HJ.=l.O 
YPLOTl=:;. 
JJ=l+KPLDTl 
GO TU 4 
3 !'PLGTl=l.2 
,JJ=l+KPLDTl 
YPLCHl=l2 .0 
4 COIH HHJE 
DEP,IV=DERIV+i 
F -" /\ [) ( 5 'Li"O 
CD FJ\ HI =SC 
iF ( K/\LKLlD. 
lF(l<I\LKDD. 
J = 2 
~· r n: < t- , 4 o 3 6 l 
1 5 t; _ MJ ( c:; , 4 J 0 5 ) I F I L f , XC 1:: fH R '( I l , F N T E N S ( I l , VJ , L P H A S E 
lF(LPH.l\SE.EO.ll FNTr.:f\lS( Il -FNTENS(Il 
JF(W.EO.O.O) WIDTH(Il=WYDTH 
IFIH.iiE.O.O) WIDTH(l)=}'J 
lF(lFTLE.NE.Ol Gn TO 166 
\.•-<. ITt:- ( 6 l 4035) XC:ENTR ( T) 1 \<1 I DTH (I), HIT ENS (I l 
vi I [iT II ( I = ¥1 [[) Hl ( I ) ~:q 0 0. 0 I 2. ~4 
XC E ;\JT R ( I ) =XC E 1\1 T R ( I ) * 1 0 0 • 0 I 2 • 51t 
J=I+J. 
l66 
t,() TD 15 
J D=I-l 
r TO 16 
c 
C: CALC U L!~ T E li N E P 0 S IT I m1 S F R Ot-'1 INPUT TENS 0 R S 
c 
197 Liil 207 KX=l,SPECYS 
CCI 198 L=l,B 
R~AD15r4075l SPIN(L),(G(J,L),J=l,6l 
G G ( :L , L 1 = G ( 1 , L ) ':' G ( J. , L l + G ( 2 , L ) >:< G ( 2 , L l + G ( 3 , L l t< G ( 3 , L ) 
C G ( :2 , L } = ( G ( 1 , L l ,:, G ( 2 , L l + G ( 2 , L ) * G ( 4 , L ) + G ( 3 , L ) ):< G ( 5 , L ) ) ;.:, 2 • 0 
C G ( 3 , L ) = G ( 1 , l ) ':' c; ( 3 , L ) + G ( 2 , L ) >!< G ( 5 , L ) + G ( 3 , l ) ':' G ( 6 , l l 
f; <:. ( 4 , L l = G ( 2 1 L l ':' G ( 2 , L l + G I 4 , l ) >:< G ( 4 , L ) + G I 5 , l l ':< G I 5 , L l {, ;J ( 5 , L ) = G ( 2 , l) >:< G ( 3 , L ) + G I 4 , L ) * G ( 5 1 l )+ G ( 5 , L ) '~ G ( 6 , L ) GG(6,Ll=G(3,LI*G(3,Ll+G(5,Ll*GI5,L)+GI6,Ll*GI6,LI 
1 9 8 i I 1-'- S P L T ( L l = S Q R T ( S I N I T H F. T A ) >:< ':' 2 >~ ( G G ( l , L )':< C 0 S ( PH I ) >:.n~ 2 + G G ( 2 , L l >:< C 0 S ( PH I ) 
l~SIN(PHll+GG(4,Ll*SINIPHIJ**2)+2.0*SINITHETAI*COStTHETA)*(GG(S,Ll* 
2CnSIPHll+GGI5,Ll*SINIPHill+GG(6,Ll*COSITHETAI**2l (,J TO 1.99 
200 UJ 207 KX=l 7 SPFCYS 
rEA~(5,20ll SPIN11l,HFSPLT(l),SPIN(2),HFSPLT(2),SPIN(3) ,HFSPLTI3), 
lSPIN14l,HFSPLTI4l,SPIN(5l,HFSPLTI5l,SPINI6l,HFSPLTI6l 1 SPINI7l,HFSP 2LTI7),SPIN18l,HFSPLTI8) 
.ZOl FORMAT(8(F3.1,F7.2)) 
199 nu s I=.L,8 
IFISPINIIl.EQ.O.O) GO TO 6 
5 bi,UTE(6,4070) I,SPPH!l,HFSPLT(l) 
6 l 20::1 I=l,8 
H SPLTill=HFSPLTIIl/GPERIN 
H SPLT(I)=HFSPLT(I)>:ClOO.O 
i-.1 ( I l 2 .. 0* SPIN I I ) + 1 • 0 5 
iii X= i~;{ I l 
!lL1 203 J= 1, t,1X 
L:f>'l( I , J l = - S P 1 N ( I l 
203 SPlfH I l=SPIN(I l-1.0 
tv';]. = jv1( J. ) 
r-? H ( 2 > 
M3=rq 3l 
r1 1+=1v,l4l 
i'b =H { 5 l 
~~ b :=: pA ( 6 ) 
r17 = 1,1! 7 > 
(v!}):::j;) ( fi) 
l ~W=l 
\~R I T F ( 6 t 4 0 3 6 ) 
[lfJ 20'! Ll=<:. 'fvll 
D[) 204 L2=ld~2 
r' r1 2 o 4 u = 1 , tn 
Lltl 204 L4= J., rv'\t,. 
(H1 2 0 4 L 5 = l , I•\ 5 
[lCJ ?.OL• L6=l,~16 
[if! 204 L7=l,M7 
flU 204- U3=1, H8 · 
XCC~TRIINDJ=(XMAX/2.0+HFSPLT(ll*EM(l,Lll+HFSPLT(2l*EMI2 1 LZl+ 11 iF SF L T (3 l >::EM ( 3 , L 3 )+ H F S P L T ( 4 l *EM ( 'tt L 4 } + H F S P L T ( 5 ) 
2~EM(5,L5l+HFSPLTI6l*EM(6,Lb)+HFSPLT(7)*EM(7,L7)+HFSPLTIBI*fM(2 1 L8l 3-tDISPL(KX) )>:'().0254 
r ~·IT F:f J S I P.l 0 ) = J. • 0 >.'< R ELI iH ( K X l 
v; L~ T1 E I 6 , (;. o 3 5 ) X c E 1\! T R ( H! Cv l , \.'I Y 0 T H , F 
;<CU,lTR( HJOJ=XCENTR( IN0)/0.025Lt 
:: o Lf 1 ~w I No+ 1 
207 ( D~!T Ii'iUt 
1 ~I D::::: I ~I CJ -1 
LJ!J ?05 j=l,IND 
205 WIDTH(Jl=WYDTH*l00.0/2.54 
16 I~(DERIV.EQ.l) GO TO 20 
IFIDERIV.EQ.3) GO TO 21 
\Ii~ITE(6 1 4020) 
en TO zs 
20 t•Ji:U TF ( 6, 4025) 
C>J TO z:;; 
2 1 \·' R I T E ( 6 , 4 0 2 6 I 
25 WUTE(6,4030) HJO 
f!f1PTS=XI·\AX+l.O 
I.:CJ ?,5 J 1, NOPT S 
35 SAVF(J)=O.O 
~0 T0140 1 45) j SHAPE t~O ~!RITE(b,4040 
c 
C CALCULATE iiNE SHAPE FUNCTIONS 
C CALCULATE INTENSITY FUNCTION 
c 
C LORENTZIAN LINESHAPE 
c 
PO 44 K=l,INO 
~; = \·1 I D T H ( K ) ,;, ~~ 3 
Nl=4.0/(3.0*WIDTH(K)**2l 
\•/'1 =3 .O*W I DTH ( K l 
i\ F I 1\! \tJ 'i 
lFIXFIN+XCENTR(KJ-XMAX) 442r443,443 
443 XFIN=XMAX-XCENTR(KI 
44~ X=XCENTR(K)-W4 
IFIX) 444,445,445 
444 ,\=0. 0 
J=i 
CJ .. TD 448 
4<t5 J=X/YDLUTl 
J = .V K PLOT 1 + 1 
Y:=J-i 
448 V X-XCFNTRIK) 
4 1 J F ( Ov ,;, ( J. • 0 + Y >.": W U >:o:t. 2 >:< F N T EN S { K ) ) • L E. 1 • 0 E 3 5 ) G 0 T 0 4 4 7 
FmlE(JJ=O.O 
GO T() 1t45 
44 7 I~Of'lT Ii'IUE 
GO T0(42r43,5ll,DERIV 
42 FONE(J)=l.O/(l.O+Y**2*Wll/WIDTHIKl*FNTENSIK) 
SAVE(J)=SAVE(J)+FONE(J) 
GO T D 4t1·6 . 
43 FQNE(J)=Y/(W*(l.O+Y**2*Wl)*~2)*FNTENS(K) 
~AVC(J)=SAVE(Jl+FONE(J) 
GO TO t<46 
51 FONFIJI=(l.0-3.0*Wl*Y**Zl/(W*(l.O+Wl*Y**21**3l*FNTENSIK) SAVE(J)=SAVE(J)+FONE(J) ' 
446 Y=Y+YPLOTl 
J=J+i'~PLUTl 
IF(Y.LE.XFINl GO TO 41 
'~·'• CmiT I r~Ul:: (;u TU 55 
4 5 u R I n 1 6 , 4 o 'f 5 > 
c 
C f;,'\USS I 1\N li NESHAPE 
c 
DO :,Q K=l, INO 
vi= \.fl D T H ( K l * >:< 3 
Nl=-2.0/WIDTH(Kl**Z 
Htr= • ''(WIDTH(K) 
'< F l 
I~(XFI +XCfNTR(K)-XMAX) 542,543,543 
543 XFJN=X AX-XCENTR(K) 
542 X=XCENTR(Kl-W4 
lF(Xl 544 7 545,545 
51tLr ;( 0 • 0 
I=) 
Gil TO 54-8 
545 .J=X/YPLOTJ. 
.l =.I>'' K PLOT 1 + l 
:<=.J-i 
5~8 Y=X-XCENTR(K) 
54 9 \x 2 = w 1 ':' Y '~ ~< 2 
:{~ = c: x r 1 1·: 2 J 
46 IFIW3.GT.l.OE-34l GO TO 449 
t· 0 "J:: ( J ) = 0 • 0 
GO TU 4·.'1 
449 CQ:\1 f I NU 
•;O TO(L, '+8,52),0[RIV 
47 fONEIJl NTENS(K)/WIDTHIKl*W3 
SAVE(Jl= AVE(Jl+FONEIJ) 
GO TO 49 
48 FONEIJI=Y/W*W3*FNTENS(K) 
SAVfiJJ=SAVE(J)+FONEIJ) 
\;0 TO t,.'~ 
52 lFIABS(2.0*Wl*Y**2+l.OI.LE.l.OE-20) GO TO 552 
FD~~(JJ=FNTEN5(K)/W*W3*11.0+2.0*W2l 
SAVE(J) SAVE(J)+FONE(J) 
C~D TC Lt-9 
552 Hlhl':={J)=O.O 
"r9 Y= Y+ Y PLOT 1 
.J=J+K.PLUTl 
IFIY.LE.XFINl GO TO 549 
50 cor-n I NUE 
c 
C SCALE SPECTRUM AMPLITUDE 
c 
c 
55 Hl!\X=SAVE ( 1) 
DO 60 J=JJ,NOPTS,KPLOTl 
IF(FMAX.GT.SAVE(J) l GO TO 60 
rHAX==St\VE ( J) 
bO COfHINUt: 
n11 f\i S lW E ( 1 l 
!JO 65 J=JJ,NOPTS,KPLOTJ. 
lFifMIN.LE.SAVEIJl I GO TO 65 
n't UJ = S r\ V E ( J) 
b 5 C Cl iH I N ll E 
rm 70 J=l,NOPTS,I<PUH:t 
70 SAVEIJl=SAVE(J)/(FMAX-FMINl*HEIGHT 
IF(PHASE.NE.ll GO TO 73 
QO 71 J=l 7 NOPTS,KPLDT1 71 SAV~(J~=-SAVEIJ) 
7 3 CONTI ~JUt: 
C PLOT ON LINEPRINTER EVERY 12fH POINT 
c 
I)LJ 74 J=l,NOPTS 
74 KOL~CT(J)=lSAVE{J)+SOO.Ol/10.0 
~EADI5,~060) KGEN,WIDINC (F{KPLOT.EQ.2) GO TO 72 
On R~ J=l,NOPTS,l2 
DO :iQ L 1,100 
IF(L.~Q.KOLECTIJ)) GO TO 75 
t. LcCT(L)=COL{l) 
' TD 80 
75 COLt:CT(L)=COL(2) 
8 0 COIH li'WE 
85 ~IR.ITE(6,4055) (COLECT(I<K),I<K=l,lOO) 
IFIKPLQf,EQ.l) GO TO 72 
C8 lF(KGF~.EQ.O) GO TO 1000 
illl B 7 K I::: 1 , UJU 
e 7 ',JI rn H ( K I) =WIDTH ( K I l +WID Ii'K *1 0 0. 0 I 2. 5't 
1;0 TD 23 
7 2 i>lf 1 L U C 1\J 0 P T S - l 
.c 
C PLUT Di'l AUTOPLOTTER 
c 
C~LL AINIT(ILONGl 
C~LL ALABilOO,llO, ILAREL,30,3,4l 
CALL ALABilBO,llO,JLABEL,30,3,4) 
iJ rJ 50 2 I =1 , ~~ OL OC 
·.)!) T!J(50l,::i00,501) 7 0tR!V 500 ~AVE(l)=S~VEIIJ+550.0 
' Hl "i02 
501 T0(512,5ll),PHASE 
5li vr(I)=S4VE(I)+700.0 
,() TCI 502 
512 SAVE(IJ=SAVE(ll+300.0 
502 XSil.VE( I l=I 
GALL ALINE(XSAVE,SAVE,NOLOC,-200.0,0.0,lOO.O,lOO.O,ll 
C. A L L A E ~·~ 0 
r_;n TO 88 
100} STOP 
1SND 
109 
APPENDIX 4 
A. Ani Curves 
A computer program, ROADMAP, was written to plot the 
variation of the line positions as the crystal orientation in 
the magnetic field was varied in three orthogonal planes. 
Plotting of Anisotropy Curves 
(ROADMAP) 
Purpose: To plot the variation of line positions as a function 
of crystal orientation in the magnetic field. 
Contents:' The main program, ROADMAP, and the plotting package, 
PLOTAA. 
Librarv Routines Used: SQRT, SIN, COS. 
Language: IBM System/360 Fortran IV (BCD). 
Method: This program gene~ates line positions by a first order 
calculation using input g- and hyperfine coupling tensors for 
angles at five degree intervals in three orthogonal planes 
defined by the tensorial axis system. These are scaled and 
plotted on the line printer and, if desired, on the autoplotter. 
The effect of anisotropy of g on the A tensors is included. 
110 
Input (cntd) : 
Fortran 
Card No. Columns Symbol Format Contents 
4 1 INDEX Il left blank 
2 JNDEX 
3 I<NDEX 
4-10 SPIN(J) 
11-20 G(J,l,I<) 
21-30 G(J,2,K) 
31-40 G(J,3,K) 
41-50 G(J,4,K) 
51-60 G (J 1 5 I I\) 
61-70 G(J,6,K) 
Il 
Il 
F7.3 
Fl0.4 
= 9, for the last card of 
each species except the 
final species. 
= 0, otherwise. 
= 1, if a punched output 
for plotting is required. 
= 0, otherwise. 
nuclear spin of atom J. 
The elements of the g- or 
hyperfine tensor in the 
order gll'gl2'gl3'g22'g23' 
g 33 for atom J of species K. 
Card type 4 is repeated for all tensors. The g-tensor must 
come first for each species, in which case SPIN(J) is disregarded. 
This complete set of cards of type 4 is repeated for all 
species, with the nuclei in the same order each time for each 
crystallographically inequivalent site. Completely different 
species may be dealt with by using more cards than are 
necessary and setting some of the tensors to zero. 
A maximum of six species may be used. End of data is 
signified by a l in column l but column 3 must contain the 
appropriate value of KNDEX. 
Output: 
(1) Title 
(2) Scaling factors 
(3) G-tensor 
(4) A-tensors 
(5) The anisotropy curves on the lineprinter (12" wide) 
(6) Punched cards to be used as input to the autoplotter. 
Capacity: A maximum of six inequivalent species each with a 
maximum of nine nuclear hyperfine couplings may be used 
provided however that the total number of lines does not exceed 
100. 
Limitations: Line positions are calculated without taking into 
account the nuclear Zeeman interaction. 
c 
c 
c 
c 
c 
l. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
~**~***~********************************************************** 
P R..tl G R A tv1 R 0 A 0 f'-1 A P 
****************************************************************** 
PUP-POSE-
TO PLOT THE LINE POSITIONS FOR ALL ANGLES IN THREE ORTHOGONAL PLA~ 
****************************************************************** 
li\JPUT 
CARD 1 TITLE(CDLUMNS 1-30 PLOTTED) 
CARD 2 TITLE (PLOTTED) 
G A I {I) 3 S C tl. L E F A C TCJ R S 
C.H~D 4CONT/dNS CODE NUt11BERS, SPIN(I), AND THE TENSOR ELEfv!Ef'lTS 
THE:RE M~E CARDS OF THIS TYPE FOR EACH NUCLEUS Mm O~lt: FOR THE G TE 
FORTRAN PROGRAM NUMBER 1 IS ASSIGNED TO TH~ WORKING FILE 
~DRTRAN PROGRAM NUMRER 5 IS ASSIGNED TO THE CARD READ~R 
FOkTRAN PROGRAM NUMBER 6 IS ASSIGNED TO THE LINE PRINTER 
FORTRAN PROGRAM NUMBER 7 IS ASSIGNED TO THE CARD PUNCH 
****************************************************************** 
DIMENSION POSITI(l00},X(l00),Y(l00),XX(l00,50) 
D I HE f\1 S I ON G ( l 0, 6, 6 ) , S P I i\1 ( 10 ) , G 2 ( l 0, 6, 6 } , E H ( l 0 , 1. 0 l 
DIMENSION COLECT(500),COL(46),M(l0),G0(10,6) 7 POSITNI10C) i> AT J\ c n L 1 , , , , A, , , B 1 , 1 c 1 , 1 D 1 , , E , , 1 F , , , G 1 , , H , , , 1 , , 1 J , , , 1, , , , L , , 1 r:1 , , , 
1 j\) I ' I (l ' ' • p I ' I 0 I ' I R ' ' I s I ' I T I ' I u ' ' I v I ' ' w I ' I X 1 ' 1 y I ' I l I ' I 1 I ' I 2 I ' I 3 I ' I 4 I 2 7 I i) I 1 I 6 I 7 I 7 I 7 I f~ I 7 t g I 7 I >~ I t I t I I I : I f I + I f I $ I f I - I f I ( I J I ( I t I ) I 7 I • I j LOGTCAL*l LABELl(q)/'A-3 PLANE'/ 
LOGICAL*l LABEL2(9)/ 1 B-C PLANE'/ 
LCJGICAL~~l LA!3EL3(9)/ 1 A-C PLANE'/ 
L 0 G 1 C .'\ L x< l U\ R E L 4 ( 3 0 ) , L A R E L 5 ( e 0 ) T I T L E ( 16 0 ) 
EQUIVALENCE (LABEL4Cll,TITLE{l)~,(LAGEL5{l),TITLE(81)) 
!0 FDRMAT(S~Al 7 /80Al) 
20 FC1R.!'liAT( 1 0 1 ,80Al,/ 1 0 1 7 80A1) 
30 FORMAT(3Il,F7.3 7 6Fl0.4) 
,, o FoR r'l AT ( 'o • , 1 G-TE N so R • 1 • o • , 3 F 1 o • 41 • • , 1 ox , 2 F 1 o. 41 1 1 , 2 ox , F 1 o. 4/ ' o ' t 
1' A TEi'lSORS I) 
so FORI 1iAT( 1 0 1 , 1 ~·JUCLEAR SPIN= 1 ,F6.2/' •,3Fl0.4/' 1 ,lOX,2FJ.0.4/ 1 1 t20 
lX,fl.0.4) 
70 FDRMAT{3Fl0.3) 
p 0 F 0 PY: A T ( 1 0 I ' F 1 0 • 2 ' I G Au s s p E R L~ 0 c M I I • 0 I t ' s c A L E F A c T 0 R 0 F I ' F 1 0 • it ) 
90 FORf'IAT( 1 0 1 ,117Al,I3) 
110 f0R;'1AT( 1 0 1 ,//60X, 1 A-R Plf-'INE 1 //) 
120 f-0Rfv1AT('0 1 7 //60X,'B-C PLANE'//)_ 130 FORfvlAT( 1 0 1 ,//60X,'A-C PLANE'//) 
c 
c 
1 ~~ E fd) ~ '~ r l. 0 , END= 1 0 0 ll <T IT L E ( I ) t I = 1 ,16 0 ) 
NRITl(b,20) <TITLE( 1), I=l,l601 I 
}A/'I(;LI:=t) ' 
I~FI\D(5,70) GSCAN,SCALE 
C P F ~~ I I\ I = () S C A N ):< 0 • 0 6 2 5 
WRIT_ E(6l80)GSCAN,SCALE 
l)[)) .1= ,10 
ll[) ,II 1<=- 1' 6 
3 Gfl(J,I<l=O.O 
l l D 9 T = l. , 1 0 
9 t-: f"l ( I , J ) = 0 • 0 
1\= J . 
• J = :t 
1 1 i-~ c /, D ( 5 , 3 0 ) I N D E X , J N [) E X , K N D E X , S P I N ( J ) , ( G ( J , I , K ) , I = 1 , 6 ) 
IF(K.GE.JNDEX) GO TO 13 
c 
V.=l<+l 
.J = 1 
\,CJ T 0 ll 
13 l = J + :. 
I H lf'WE"C. EQ.O) GO TO 11 
i'-10\IIJC = J -2 
\If\ J T t ( 6 , 4 0 l ( ( G ( 1, I , L l , I= l, b l , L = 1, K 1 
:· l 0 f<JifJ = K 
:1n 31 J=2, NONUC 
31 WRI1E(b,50) SPIN{J),((G(J,I,L),I=lt6l,L=l,NORAD) 
PtJ 41 J=2,NONUC 
MIJl=2.0*SPIN(J)+l.05 i1X:::;,1(J) 
DlJ 4 1. I =1, MX 
;:: i'l ( J , I ) =- S P I 1\l ( J ) 
41 SPTN(J)=SPIN(J)-1.0 
t12 = fv1 ( 2 ) 
1'"3=~1 ( 3) 
1'14= ~·i ( 4) 
i15=~t1(5) 
i'\6 i"'l ( 6 } 
i17=M(7) 
iii3=fv'l ( 8) 
i19 = iv\ ( '1 } 
~n o = rH 1 o > 
I<ODt:=: 
WRITE(6,110} 
IFIKNDEX.EQ.O) GO TO 42 
C I~ITIALISE PLOTTER 
c 
c 
GALL t\INITI400) 
CALL ALAR(lOO,lOO,LABEL4,30 1 3,4l CALL ALAB(200,lOO,LABEL5,80,1,4) 
CALL 1\FND 
C A L L .fl I l\1 I T ( l'f 0 0 ) 1: 1\ L l. !\ C~ R I D I 1 50 , !1 0 1 l , t) t l 2 0 0 , l\) 0 .tl , 2 ) t: ,'\ L L 1\ S C 1\ ( 1 , ~) 0 , 0 , J. 0 0 , u , (~ 0 , 9 , ;~ t ;:: ) 
4
' ~~~L ~L~H(650,~0~LABEL1,9 1 2 7 21 
,_ 1) H, r ~.r ~- = s • o 1 5 7 • 2 g _1 7 s 
THET/\=90.0/57.29578 
PHI=O.O 
C CALCULATE LINE POSITIONS 
c 
59 DO 61 K=l,NORAD 
r1() 60 J=l ,NOi'JUC 
G2(J,l,K)=G(J,1,Kl**2+G(J,Z,Kl**2+G(J,3,K)**2 
G2(J 1 2,Kl=G(J 1 1 7 Kl*G(J,2,KI+G(J,2 1 Kl*GIJ,4 1 K)+GIJ,3,Kl*G(J,5,Kl G2CJ,3,K)=G(J,l,Kl*G(J,3,K)+G(J,2,Kl*G(J,5,Kl+G(J,3,Kl*GIJ,b,Kl 
G21J,&,KJ=G(J 1 2,Kl**2+G(J,4,Kl**2+G!J,5,Kl**2 G2(J,5,Kl=G{J,2,Kl*G(J,3,K)+G(J,4,Kl*G(J,5,Kl+G(J,5,K)*GIJ,6,Kl 
60 G2(J,6,Kl=G(J,3,Kl**Z+G(J,5,Kl**2+G(J,6,Kl**2 
j::: )_ ' 
61 00(J,Kl=SQRT(SlN(THETAl**2*(G2(J,l,Kl*COS(PHI)**2+2.0*G2(J,2,Kl*SI 
l!I(PHI)*CDS(PHI)+G2(J,4,K)*SIN(PH1l**2l+2.0*SINCTHETAI*COSCTHETAl*l 
21;:.:: ( .J , 3 , K l * C 0 S ( PH I l + G 2 ( J , 5 , K ) ~~ S IN ( PH I ) ) + G 2 ( J , 6 , K ) *C 0 S ( THE T A l ~:' ~';.: l 
~LL=SINITHETAl*COSIPHIJ . 
E~M=SINCTHETAl*SINCPHil 
C.i'~''i=CnS (THE T t-,) 
t, L PH A J. = G ( 1 , 1 , K ) * E l L + G ( l , 2. , K ) *EM M + G ( 1 , 3 , K ) >:<EN N 
L\ L P! l A 2 = G ( l , 2 , K ) * E L L + G ( 1 , 4 , K ) ':'EM M + G ( l , 5 , K ) * E NN 
ALPHA3=G(l,3,Kl*ELL+G(l,5,Kl*EMM+G(l 7 6,Kl*ENN UtJ 63 J=2, NOtJUC 
Cll 62> K=l 1 NORAD 63 CO(J,Kl=SwRT(G2(J,l,Kl*ALPHA1**2+G2(J,2,Kl*2.0*ALPHAl*ALPHA2+2.0*G 
ll!J,3 7 K}*ALPHAl*ALP~IA3+G2(J,4iKl*ALPHA2**2+2.0*G2(J,5,K)*ALPHA2*AL 2PYA3+G2(J,6,Kl*ALPHA3**2l/GOC ,K) 
DO 62 K=l,NORAD · 
62 GQ(l,KJ=6600.0/GO(l,K)-3300.0 
T .'J Cl= J. 
f) iJ 7 l .J = J_ ' l 2 0 
72 COLECTIJJ=COL(l) 
I ) ,) i:"\ }. L 2 = 1 t fvj 2 
DJ 81 L3=l,/'13 
ll] !-lJ. L4=1 7 H4 
DU C\J. L:.}=J.,M5 
[)(J f'l L6=1,~16 
I J() ~:q L 7 = 1, ~'17 
DfJ 81 L8=J.,~18 
r.J .CIJ. L'J=l,M9 
!ttl :i J LJ. 0 = 1 , H l 0 
D~ Rl K=l,NORAU . 
P~SITN(INO)=(GU(l,K)+G0(2,Kl*EM(2,L2l+G0(3,Kl*EM(3,L3)+GU(4,Kl*EKI 
14,L4)+G0(5,Kl*EM(5,L5l+G0(6,KI*EM(6,L6)+G0(7,K)*EM(7 1 L7l+G0(8,Kl~E 2:~(~,L81+~0(9,Kl*EM(9,L9)+GO(lO,Kl*EM(lO,LlOll/GPERIN*lO.O*SCALE+55 
l. = P D S I T f~ ( I N 0 ) 
IF(KNDEX.ECl.O) GO TO 84 
TA\J=IMIGLE/5 
P !J S fT I I I N 0 l = 1 0 • 0 * P 0 S I Hll I ~l 0 ) + 1 0 0 • 0 
L L L = P C1 S IT I ( II'! 0 ) 
XX( IND, IA.Nl=LLL 
8 4 I \I Cl = I 1' I 0 1 l 
LL= I f~D 
I r ( UW • G T • 4 6 ) L L = I f\1 0- 4 5 
81 LOLECT(L)=COL(LL) 
lll 
101 
H R I T E ( 6 , 9 0) ( COL EC T ( I ) , I= 1, 1.17 ) , I ANGLE 
?~~~~i!~}:~~l~l~hl'~8°¥o 101 
1. ld!GL E= I A NGL E+':5 
PHI=PHI+DEGINC 
GO TO 59 
VIJDE=2 
I A. f\: G L E = G 
~1 RITE ( 6, 1 2 0) 
TF(KNDEX.EQ.O) GO TO 102 
8 5 1-' 
[1CJ •• 83 J=l,INO 
r1 '1 s 2 1<. = 1 , 3 7 
X( I l=XX(,J,K)+150.0 
Y(I)=5':'K 
02 I=l+l 
C~LL ALINE(X,Y,37,0.0,-5.0 7 l00.0,20.0,ll 
8 3 f = 1 
Gn-T0(366,366,367,368),KODE 
366 
102 
121 
103 
367 
C'\LL AE\JD 
C\LL /I.Ii'HT(l400) 
C~LL AGRID(l~0,50,1,9,1200,l00tlr2) 
c~LL ASCA(l,~o,o,~oo,o,zo,9,2r~l 
C~LL ~LAa(650,lO,LABEL2,9,2,2J 
f' d I= g 0. 0 I 57. 2 9 57 8 
THETA=O.O 
GLJ TCJ 5Y 
JF(THETA.GT.3.15158) GO TO 103 
I A ~~ G L E = I A I~ G L E + 5 
THETA=THETA+DEGINC 
c,IJ rc; 5 ':} 
v iJ [I[= 3 
1 6.1,JGLE=O 
~ir<.TTE(6,130) 
IF(KNDEX.EQ.O) GO TO 104 (,0 TO 85 
Ct..LL At::i\JD 
CALL A If'~ I T ( 140 0 l 
C~LL AGRID(l50,50 7 l,9,1200,100,1,2) C~LL ~SCA(l,50,0,l00,0,20,9,2!2) (ALL ALAB(650,10 7 LAGEL3,9 7 2,2J PHI=O.O 
THFTA=O.O 
(,:J TO 59 
Ul .iF(THFTA.GT.3.1515B} GO TO 132 
'lA~lGLE=IANGLE+5 
Ti-lt= T A= Tf IE T A+ DEG 1 NC 
CO TCI 59 
132. I'.C:IDE='t 
IF(KNDEX.EQ.O) GO TO 133 
(;ll TO 85 
368 CALL AEND 
133 CCl TO l 
:c 001 ~; TflP 
HW 
112 
B. Calculation of Direction Cosines 
A brief computer program, DIRCOS, was used to calculate 
the direction cosines of atom-atom directions in the crystal. 
Data from x-ray crystal structure determinations was used as 
input and it was possible to transform coordinates and to 
calculate the direction cosines of lines perpendicular to each 
atom-atom direction and all of the other atom-atom directions 
in turn. 
Calculation of Direction Cosines 
(DIRCOS) 
Purpose: To calculate the direction cosines of lines 
connecting atomic positions and of lines perpendicular to any 
two such lines. Provision is made for changing the axis system 
from the crystal axis system. 
Contents: One main program, DIRCOS. 
Library Routines Used: SQRT. 
Language: IBM System/360 Fortran IV (BCD). 
Method: This program first converts the fractional 
coordinates of the atoms to real coordinates and then changes 
the axis system as specified by an input rotation matrix. The 
direction cosines are calcula'ted in the new axis system for the 
lines joining all pairs of atoms. The perpendicular to each 
I 
I 
pair of these lines may also be calculated. 
113 
Input: 
Fortran 
Card No. Columns Symbol Format Contents 
1 1-80 TITLE(I) 80Al the title of the calculation 
2A 1-10 P(l,l) Fl0.5 The rotation matrix defining 
11-20 P(2,1) Fl0.5 the new a*-axis in terms of 
21-30 P(3,1) Fl0.5 the . crystal a, b and c-axes • 
2B similarly for the b*-axis 
2C similarly for the c*-axis 
3 1-10 A FlO.S 
11-20 B Fl0.5 
21-30 c Fl0.5 
the unit cell parameters 
31-40 ALPHA Fl0.5 
41-50 BETA Fl0.5 
51-60 GAMMA Fl0.5 
61 KODE Il = 1, if normals are to be 
calculated~ 
= o, otherwise. 
4 1 IFILE Il left blank 
2-10 X (I) F9. 5 
the fractional atomic 
11-20 Y(I) Fl0.5 
coordinates of atom I 
21-30 Z (I) Fl0.5 
31-·34 ATOM(I) 'A4 an atomic label 
Cards type 4 are repeated for .each atom position. End of data 
is signified by a 1 in column 1. 
Output: 
{1) Title 
(2) The rotation matrix 
(3) The unit cell parameters 
(4) The fractional atomic coordinates 
(5) The computed direction cosines 
Capacitz: The capacity is limited by the DI~illNSION statement 
114 
to 250 atom positions. 
Limitations: The new axis system, a*b*c*, must be orthogonal. 
c 
c ****************************************************************** 
c 
C f ' R !-l G F\ .~ fV\ D I R C 0 S 
c 
c ****************************************************************** 
c 
C f'URPUSE-
C 
C TO CA~CULATE THE DIRECTION COSINES OF LINES CONNECTING ATOklC 
C f-'OSITIONS 
( 
c =~************************************************************~**** 
c 
C lNPUT 
C CARD 1 THE TITLE OF TH~ PROBLEM 
C CARDS 2,2A,2R C T~lE ROTATION MATRIX OF THE A*,B*,C* AXES IN THAT ORDER ON 
C C Clt'~ S E C U T I V E C A R 0 S HJ 3 F 1. 0 • 5 F 0 R M A T 
C CA!-ZD 3 A,B,C,ALPHA,BETA,GAi'Hv\A IN 6Fl0.5 FORIV\AT,KOUE HI Il FOR1~AT 
C CARD ~ LEAVE COLUMN l BL~NK 
C X(I),Y(l),Z(Il, IN COLUMNS 2-10,11-20,21-30 
C A 4 LETTER ATOM IDENTIFICATION LABEL 
C REPEAT CARD TYPE 3 FOR ALL ATOMIC POSITIONS 
C A 1 IN COLUMNl SIGNIFIES END OF DATA 
c 
C HJ F\T R A i\l P R 0 G RAM N U I'·H~ E R 5 I S AS S I G N E D T 0 T H E C A R D R E AD E R 
C F1RTRAN PROGRAM NUMBER 6 IS ASSIGNED TO THE LINE PRINTER 
c 
c 
c ~'***************************************************************** c 
DIMENSJO~ P(3,3) 7 Q(3 7 200) DIMENSION ATOM(250l,TITLE(l00),X(250),Y(250),Z(250) 
c 
105 FORiV\.AT ( 8::JA1) 
11 0 F 0 P. ~1 AT ( I 0 I ' 8 0 A 1 ) 
115 FORMATI6Fl0.5,Il) 
12 0 F CJ R !Vi AT ( I 0 ' ' 4 X' I A I ' 10 X' I p, I ' :L 0 X ' 'c ' ' 8 X' ' ALpHA I ' 8 X' I BET A I ' 8 X I G A j'v\ h A. ' / 1 1 ',6Fl0.3) 
125 F8RMAT( Il,F9.5 1 2Fl0.5,A4) 
l 3 0 ~; Cl F; iVi AT ( I 0 ' ' 5 X ' I AT 0 M I ' g X ' I X I ' 9 X ' I y I ' 9 X ' I z I ) 
l 3 ':\ f (J f~ 111 L\ T ( ' I ' 6 X ' A 4 ' 3 ( 2 X ' F 1 0 • 5 ) ) 
1 4 () t- D R HI\ T ( I 0 t ' I I ' A 4 ' I MolD 
ll\ 1t, 1 IS 'r3(F~.o.r', 1 5X),JOX,l5) l (; 0 H w ~1 /1 T ( I 0 ' ' I /\A= ' r: <) • 'f ' I A+ I ' 1: () • 4' I G + I ' F <) • Lt ' I c I ) 
1 7 u ! rw M 11. r 1 • o 1 , 1 n p, = • , r: 9 • '+ , • A + 1 , F q • 4 , 1 n + • , F 9 • 't , • c • > 
J.PO f·fJI·~I\AT( 1 0 1 , 1 CC= 1 ,F9.4, 1 A+ 1 ,F9.4, 1 B+ 1 ,F9.4, 1 C 1 ) 
190 HJP)H\T(3Fl0.5) 
200 F(lF.HAT('0', 1 1 1 l5 7 1 AND',I5 1 1 IS 
1',3(Fl0.4 1 6X)) 210 HlRiV\/~T('0 1 , 1 DIRECTION COSii,lES BETWEEN'//) 
220 ~ORMAT( '0 1 ,'DIRECTION COSINES OF PERPENDICULAR TO'//) 
c . 
c 
CALC(n,E,F,G,S,T)=(E*F-G*D)/SQRT((D*T-E*Sl**2+(F*T-G*Sl**2+(G*D-F* 
l[)>'n:<2) 
20 JIEMl(5,105,END=l000) (TITLE(Il9I=l,80) 
\'i RITE ( 6, 11 0 ) T IT L E 
[lrl ~::1 J=l,3 
21 ~'· U\ D ( 5 , J. 9 0) ( P (I , J ) t I= J. 1 .~ ) 
J·IRITE(b,l60) (P(I,ll,I=i 7 3) 
~~ R I T t- ( 6 , 1 7 0 ) ( P ( I , 2 ) , I = 1 , 3 ) 
;~ K T T E ( 6 I l 8 0 ) ( p ( I ' 3 ) ' I = l ' 3 ) 
KEAU(5 7 ll5) A,B,C,ALPHA,HETA,GAMMAyKODE WRITE(6,120) A,B,€,ALPHA,B.ETA,GAMMA 
ALPHA=ALPHA/57.29578 
hETA=RETA/57.29578 
GAMMA=GAMMA/57.29578 
HRITE(6,130) 
i<.K.::: ). r "' ., 
L f' E t:..[) ( 5 ,12 5 ) I F I L E , X ( I) , Y ( I l , Z ( I) , AT OM ( Il 
11-(IFILt:-ll 10,15,1.5 
1.0 l/P.ITE!6tl35l ATOM(l),X(l),Y(l),Z(I) (=I+ l 
Hl TO 1 
15 !i=I-1 
H=f\l-1 
H ITi::(6,210) 
r 30 J=l,M 
L= ,J+ 1 
ilCl 30 K=L,N 
/X= ( X. I J ) -X ( K) ) ~<A 
YY={Y(J)-Y(K)l*B 
ll = < Z ( J ) -z ( K ) l ;~C 
DfJ 97 LL=l 3 
97 WILL,KK)=Pil,LLl*XX+P(2,LLl*YY+P(3 7 LLl*ZZ R=SQRT(Q(l,KKI**2+Q{2,KKl**2+Q(3,KKl**2l 
iJO 913 LL=l 7 3 98 Q(LL,KK)=Q(LL,KK)/R 
\i R J T E ( 6 , 1 4 0 ) AT 0 M ( J ) , AT mH K l , ( Q ( L L, K 10 , L L = 1 , 3 ) , K K 
30 1\K-=KK+l 
lF(KODE.~E.ll GO TO 20 
1\K=!(K-2 
WRITE(6,220) 
[1U ::,5 KS=l,KK 
r.SS=KS+l 
t\J KK+l 
[1[) 35 KT=KSS,KJ 
X 1 = C t\ L C ( Q ( 3 1 KS ) , Q ( 3, K T ) , (~ ( 2 , K S l , Q { 2, K T) , Q ( 1 , KS ) , Q ( 1 , K T) ) Yi =C.~ L C I Q ( 1 , I< S ) , Q ( l t K T ) , Q ( 3 , K S ) , (~ ( 3, K T ) , Q ( 2, K S } , Q ( 2 , K f ) ) 
Zl=CALC(Q(2,KS) ,Q(2,KTJ,Q(l,K$),Q(l 7 KTJ,Q(3,KS),Q(3,KTl l 35 WRITEC6,200l KS,KT,Xl,Yl,Zl 
(;Q TO 20 
1000 STOP 
END 
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